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by Mark Pipe
The nature of dark matter remains one of the biggest questions in physics today. Weakly
Interacting Massive Particles (WIMPs) are a particularly well motivated candidate for
the missing matter that makes up 85% of the mass of the Universe. The most promising
method for an unambiguous proof of the existence of WIMPs is via detection of the
predicted directional anisotropy.
The DRIFT detector at the Boulby Underground Laboratory in the UK is the world’s
first large scale directionally sensitive dark matter detector. This thesis presents work
focussing on the ability of DRIFT to be competitive with non-directional detectors in
exploring new spin-dependent WIMP interaction phase-space. Experimental efforts to-
wards this are discussed, including the first calibration measurements of spin-dependent
target gases in DRIFT, and development and implementation of an automated gas mix-
ing system required for spin-dependent gas mixture operation.
This thesis presents the first long-term study of backgrounds in DRIFT in which current
limiting backgrounds are identified and studied, providing information crucial to future
background reduction strategies. Developments of the WIMP analysis procedure are
presented that result in an improved sensitivity to WIMP-mimicking neutron-induced
nuclear recoils by a factor of 2.4. Data from the first runs with spin-dependent sensi-
tive CS2-CF4 gas mixtures are presented with improved analysis methods. This thesis
presents the first blind analysis results from a directionally sensitive dark matter detec-
tor with upper limits on the SD WIMP-proton interaction cross-section with a minimum
of 0.93 pb for a 100 GeV WIMP.
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Chapter 1
An introduction to dark matter
Over the past eight decades, evidence has accumulated to suggest that a large fraction
of the Universe is unaccounted for by ordinary baryonic matter. The latest results
determine the composition of the Universe, with extraordinary precision, to be 72.8%
dark energy, 22.6% dark matter and only 4.6% baryonic matter [1].
In this chapter, key evidence for the existence of non-baryonic matter is presented.
This evidence is derived from two classes of observations. In Section 1.1, evidence is
presented for the existence of dark matter in the Universe from observations of the cosmic
background radiation and from measurements of the relative abundance of the light
elements. In Section 1.2, evidence is presented for the existence of dark matter locally,
from observations of single galaxies and galaxy clusters. In Section 1.3 weakly interacting
massive particles are introduced as a single class of non-baryonic dark matter that can
explain this great variety of observations. Finally, in Section 1.4, the characteristics of
the dark matter halo and a number of experiments attempting to verify the existence of
dark matter on Earth are discussed
1.1 Evidence for dark matter in the Universe
1.1.1 The composition of the Universe
A new understanding of the Universe emerged in the 1920s with the prediction [2, 3]
and experimental observation [4] that the Universe is expanding. Hubble’s observations
provided the first evidence that led to the wide-spread acceptance of the Big Bang theory.
The Big Bang theory, now a fundamental part of the Standard Model of cosmology,
proposes that the Universe began as a hot dense singularity that expanded rapidly, and
has been expanding ever since.
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During the 1990s experimental evidence showed that the rate of expansion of the Uni-
verse is increasing, in conflict with the universally attractive force of gravity that is
dominant at local scales [5]. Recent models explain this observation with a Universe
that is dominated by an energy of unknown composition, but with the property of
negative pressure, thus tending to increase the rate of expansion of the Universe [6].
The composition of the Universe today is often described in terms of the density param-
eter Ωtot. If the Universe has no large-scale curvature, as is strongly implied by recent
measurements [1], then Ωtot = 1 and Ωtot is dominated by components of mass Ωm and
dark energy ΩΛ
Ωtot = Ωm + ΩΛ. (1.1)
Furthermore, the mass component can be separated into components of baryonic matter
Ωb and dark matter ΩDM
Ωm = Ωb + ΩDM. (1.2)
This section discusses estimates of the Ωm and Ωb values that lead to the conclusion
that the Universe is dominated by non-baryonic dark matter.
1.1.2 Cosmic background radiation
After the formation of light elements in the early universe (Section 1.1.3) the Universe
continues to expand and cool, with radiation tightly coupled to matter and unable to
escape due to Thomson scattering with free electrons. At an age of ∼380,000 years the
temperature is ∼3000 K — cool enough for electrons and protons to join to form hy-
drogen atoms in the process of recombination. The Universe thus becomes transparent
to radiation and the previously coupled photons escape, travelling virtually unimpeded
through space. This relic radiation remains today, though, through the continuing ex-
pansion of the Universe, at a reduced temperature of ∼3 K. This corresponds, for thermal
black body radiation, to a spectrum that is largely in the microwave region, leading to
this background radiation being named the Cosmic Microwave Background (CMB).
The existence of relic radiation from the Big Bang was first predicted in 1948 by Alpher et
al. [7]. In 1965, Penzias and Wilson were trying to determine the source of an unexplained
background in their 20-foot horn-reflector antenna that was at 3.5 ± 1.0 K and was
“isotropic, unpolarised and free from seasonal variations” [8]. Coincidentally, around
that time Dicke, Wilkinson, Peebles and Roll were devising an experiment to attempt to
measure the CMB. When they heard about the result from Penzias and Wilson it was
realised that they were detecting the CMB [9]. The black body radiation of the CMB
was later measured to great precision by the COBE satellite borne FIRAS experiment,
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which measured the CMB to be isotropic to a level of 10−5 with a temperature of
2.726± 0.010 K [10].
Despite this high level of isotropy the CMB is predicted to contain small anisotropies
from density perturbations that existed at the time of decoupling of radiation from
matter. The CMB measured today therefore contains an image of the mass density of
the Universe at a time of ∼380,000 years after the Big Bang. The COBE satellite was
the first experiment to detect the predicted CMB anisotropies in 1992 [11]. In 2001
the Wilkinson Anisotropy Probe (WMAP) was launched and operated for over 9 years
observing the CMB anisotropy to extremely high resolution.
Figure 1.1(a) shows the temperature power spectrum of the CMB background, in terms
of angular separation, revealing the spatial structure of the anisotropies. The most
dramatic feature of the plot — the large peaks, with the largest at around l = 200,
corresponding to an angular size of about 1◦ — are Doppler peaks caused by baryonic
acoustic oscillation (BAO) in the early Universe. BAO occurred in the early Universe
driven by competition between the repulsive pressure of radiation and the attractive
gravitational force of matter. The oscillations caused density perturbations that were
‘frozen-in’ at the time of decoupling resulting in temperature anisotropies with a certain
regularity in the CMB. The Doppler peaks therefore contain information on the compo-
sition of the Universe, and fitting models of the early Universe to the measured power
spectrum provides precise estimates of the matter content of the Universe. The position
of the first Doppler peak determines Ωm = 0.266 ± 0.029 and the ratio of the ampli-
tudes of the second-to-first Doppler peaks determines the baryonic density parameter
Ωb = 0.0449± 0.0028 [1].
The primordial photons are also polarised by the anisotropic Thomson scattering process.
While matter and radiation are coupled, the photons continually meet free electrons and
no net polarisation is produced. However, at the photon’s last scattering at the time
of decoupling, the induced polarisation remains and the subsequently free-streaming
photon possesses a quadrupole moment. Figure 1.1(b) shows the measured polarisation
of the CMB where the fit to the data provides confirmation of the validity of the models
used in determining the cosmological parameters.
Table 1.1 shows a selection of the cosmological parameters that have been determined
from measurements of the CMB by the WMAP experiment [1]. These measurements
show that the Universe consists of 73.4± 2.9% dark energy and 26.6± 2.9% matter, of
which only 4.5±0.3% is baryonic matter. This discrepancy between total matter and
baryonic matter lead to the conclusion that ∼21.5% of the Universe must be in the form
of non-baryonic dark matter.
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(a) Temperature power spectrum of the cosmic microwave background.
(b) E-mode polarisation of the cosmic microwave background.
Figure 1.1: Power spectrum and E-mode polarisation of the CMB from the seven-
year WMAP observations. The multipole moment on the x-axis is the Fourier series
counterpart to the angular size θ where l = 0, 1, 2 are the monopole, dipole, quadrupole
etc. and l = 100 corresponds to an angular separation of ∼1◦. Plots from Jarosik et
al. [1].
1.1.3 Light element abundances
At approximately three minutes after the Big Bang, the Universe had cooled enough to
form stable protons and neutrons, and the Universe was a hot, dense mass of photons,
neutrinos, and free neutrons, protons and electrons. Thermodynamical arguments can
be used to determine that in this state the proton-to-neutron ratio is p/n ≈ 7 [12].
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Parameter Value Description
h 0.710±0.025 Reduced Hubble parameter
t0 13.75±0.13 Age of the Universe in Gyr
Ωb 0.0449±0.0028 Baryonic matter density parameter
Ωm 0.266±0.029 Total matter density parameter
ΩΛ 0.734±0.029 Dark energy density
Table 1.1: Values from the seven-year WMAP observations [1].
At this time the process of Big Bang Nucleosynthesis (BBN) — the formation of light
atomic nuclei from protons and neutrons in the early Universe — began.
The BBN period was brief, lasting around 17 minutes until it became too cool for nuclear
fusion to continue. During this period protons and neutrons fused to form the stable
nuclei of 2H, 3He, 4He, 6Li and 7Li. The extreme stability of the 4He nucleus resulted
in essentially all fusion leading to 4He, with further fusion rare. Thus essentially all
neutrons fused to form 4He and, from the initial proton abundance of p/n ≈ 7, the
primordial mass fraction of 4He is estimated as Yp ≈ 0.25. The processes that occur
during BBN are well understood and the theory also predicts the formation of small
amounts of 2H (∼10−5), 3He (∼10−5) and 7Li (∼10−10) during the BBN period.
Assuming the neutron lifetime and the number of neutrino species are well deter-
mined [13, 14], the relative abundances of the light elements produced during BBN
are determined largely by a single free parameter — the baryon-to-photon ratio
η =
number density of baryons
number density of photons
. (1.3)
For example, a smaller value of η (more radiation in the early Universe), delays the
process of fusion such that more neutrons will have decayed to protons before nucle-
osynthesis begins, resulting in a reduced 4He abundance at the end of the BBN period.
A lower baryon density also results in fewer 2H collisions so that fusion is less complete
leading to a higher relative abundance of 2H. Similar effects on 3He and 7Li exist and
are well understood. Figure 1.2 shows the predicted abundances of the light elements
formed during BBN as a function of η.
At the end of the BBN process, approximately 20 minutes after the Big Bang, the
Universe is too cool for nuclear fusion to occur and these elemental abundances are
fixed. From this time to the present day only the decay of radioactive products of
BBN and the production/destruction of light elements in stars have the potential to
change these abundances. Therefore, estimates of the primordial abundances of the
light elements based on measurements of their abundances today allow estimates of η.
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The baryon-to-photon ratio is in turn related to the baryon density parameter by
Ωbh
2 ≈ 3.65× 107η (1.4)
where h is the dimensionless reduced Hubble parameter
h =
H0
100 km s−1 Mpc−1
. (1.5)
The 4He abundance has been determined from measurements of the 4He/H ratio in
regions of hot ionised gas in galaxies. Currently the best measurement comes from a
survey of 45 low-metallicity H II regions giving a primordial 4He abundance of Yp =
0.249 ± 0.009 [15]. This estimate, and the η value implied by it, are shown in the top
section of Figure 1.2.
The 2H (deuterium) abundance, also measured experimentally, is of particular interest
because there is no known process of producing it in significant quantities outside of the
Big Bang. Systematic errors on projections from present day measurements to primor-
dial values are, therefore, small. Presently the best measurements of 2H abundances are
obtained from measurements of the Lyman alpha forest. Pettini et al. determine a value
of log (D/H)p = −4.55± 0.03. This estimate, and the η value implied by it, are shown
in the middle section of Figure 1.2.
The combined estimates of the primordial 2H and 4He abundances result in a predicted
baryon density of
0.038 ≤ Ωb ≤ 0.047 (95% CL). (1.6)
Shown in the bottom section of Figure 1.2 is the current estimate of the primordial 7Li/H
abundance, inferred from observations of metal-poor stars. It can be seen that this leads
to an estimate of the baryon density parameter that is incompatible with those obtained
from 2H and 4He abundances, and with the CMB measurements [16]. This discrepancy
may be due to systematic errors in observations, or due to uncertainties in the chemical
evolution and stellar astrophysics used to extrapolate from present day to primordial
abundances.
Despite the lithium discrepancy, the concordance between the 2H and 4He abundance
predictions from BBN, and the independent predictions from the CMB measurements,
which rely on entirely different physical processes, is quite remarkable. Combined, these
theories are extremely convincing evidence that baryonic matter makes up only a small
fraction of the Universe, implying the existence of vast quantities of dark matter in the
Universe.
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Figure 20.1: The abundances of 4He, D, 3He, and 7Li as predicted by the standard
model of Big-Bang nucleosynthesis [11] − the bands show the 95% CL range. Boxes
indicate the observed light element abundances (smaller boxes: ±2σ statistical
errors; larger boxes: ±2σ statistical and systematic errors). The narrow vertical
band indicates the CMB measure of the cosmic baryon density, while the wider
band indicates the BBN concordance range (both at 95% CL). Color version at end
of book.
July 30, 2010 14:36
Figure 1.2: Solid bands show the 95% C.L. range of the abundances of 4He, D,
3He and 7Li as predicted by Standard Model BBN. The white and yellow boxes show
primordial a undan es consistent with observation with ±2σ statistical errors and ±2σ
statistical and systematic errors respectively. The two vertical bands indicate the η
values predicted by BBN and the CMB, each at 95% C.L. This figure shows that the
BBN predictions of relative abundances are in agreement with experimental data and
that the inferred Ωb value is in agreement with that from CMB measurements. Image
from Nakamaru et al. [13].
1.1.4 Large-scale structure formation
The early Universe was hot, dense, and very nearly homogeneous. The Universe today,
however, has structure — dense matter clusters separated by large voids — on the scales
of galaxies, clusters of galaxies and galaxy filaments.
Structure formation cosmology is the study of how the structure that is observed today
could have formed from initial homogeneity. It is believed that structure began with
quantum density fluctuations in the very early Universe that got expanded during in-
flation. These small density fluctuations then seeded structure in a ‘bottom-up’ fashion
with small structures forming first and then combining to form larger structures [17].
Although the initial linear growth of density perturbations can be calculated analyti-
cally, the following build-up of structure is highly non-linear and models require direct
numerical simulation [18].
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The Millennium Simulation Project have performed large-scale, high resolution structure
formation simulations to determine the growth of structure in galaxies. The Millennium
Simulation models the Universe as ∼1010 particles, of mass ∼109M in a cube of side
2 billion light-years [19], whereas the Millennium-II Simulation is at a higher resolution
with ∼1010 particles of mass ∼107M in a cube of side 400 million light-years [20].
The simulations have successfully modelled the formation of structure from an almost
homogeneous and isotropic universe at the time of decoupling to a universe containing
structure consistent with that which is observed in the Universe today. Successful struc-
ture formation models, however, require a universe that is dominated by non-interacting,
non-relativistic dark matter — a baryonic universe does not produce structure consistent
with observations. The simulations therefore provide further independent evidence that
the Universe is dominated by dark matter.
The Millennium-II Simulation 5
Figure 2. Time evolution of the largest FOF halo at z = 0 in the Millennium-II Simulation. The halo is shown at three co-moving scales
(from left to right: 100, 40, and 15 h 1Mpc, with thickness 15, 10, and 6 h 1Mpc) and at four di↵erent cosmological epochs (from top
to bottom: z=6.2, 2.07, 0.99, and 0).
c  2009 RAS, MNRAS 000, 1–16
Figure 1.3: Time evolution of a dark matter halo in the Millennium-II Simulation.
The halo is shown with increasing scales (from left to right: 100, 40, and 15 h−1 Mpc)
and with increasing time (from top to bottom: z=6.2, 2.07, 0.99, and 0). Image from
Boylan-Kolchin et al. [20].
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1.2 Evidence for dark matter in galaxies and galaxy clus-
ters
1.2.1 Virially bound systems
In 1933 Fritz Zwicky, of the California Institute of Technology, used redshift measure-
ments to determine the individual velocities of 8 galaxies in the Coma Cluster, a nearby
cluster of over 1,000 galaxies at a mean distance of ∼100 Mpc from Earth [21, 22]. He
measured large differences in the velocities, with a velocity dispersion of σ = 1019 ±
360 km s−1 (in agreement with the more recent measurement of 1082 km s−1, determined
from the redshifts of 465 cluster members [23]).
Zwicky realised that if the Coma Cluster is assumed to be a mechanically stationary
state, with its mass uniformly distributed within it, then the virial theorem can be
applied to the velocity measurements to determine the total mass of the galaxy cluster.
For a statistically steady, spherical, self-gravitating system, the virial theorem states
that
EKE = −1
2
EPE. (1.7)
For a galaxy cluster of radius R, containing N galaxies of average mass m, with a mean
velocity
√〈v2〉 the total kinetic energy EKE is approximated by
EKE =
1
2
M〈v2〉, (1.8)
where M = Nm, and the total gravitational potential energy EPE by [22]
EPE = −3
5
GM2
R
. (1.9)
Equation 1.7 therefore provides an estimate for the total mass of the cluster M as
M =
5R〈v2〉
3G
. (1.10)
Zwicky used this equation to determine the dynamic mass of the Coma Cluster to be
M ≈ 4.5× 1013M. (1.11)
Zwicky also deduced the mass of the Coma cluster by the light emitted from the galaxy
cluster. He determined that the cluster contained ∼1000 galaxies, each with an average
luminosity of about 8.5×107 times the luminosity of the Sun. Assuming a mass-to-light
ratio equal to that in the local solar neighbourhood, γ = 3, the luminous mass was
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calculated as [24]
M ≈ 2.6× 1011M. (1.12)
Zwicky was troubled by the large discrepancy, over two orders of magnitude, between
the dynamic mass and the luminous mass of the Coma Cluster. Writing in 1933, he
commented that “If this would be confirmed we would get the surprising result that
dark matter is present in much greater amount than luminous matter”. This work by
Zwicky is widely considered as the first evidence for the existence of missing matter.
Recent advances in astronomy techniques, such as x-ray telescopes that reveal clouds of
hot gas by their x-ray emissions, and infra-red telescopes revealing dust clouds, have led
to a significant revision of Zwicky’s result, but with the same problem that the majority
of the mass in the Coma cluster is unaccounted for by visible matter. Current estimates
determine the composition of the cluster to be 85% dark matter, 13% hot intracluster
medium and 2% stars [25]. The virial techniques first used by Zwicky have also been
applied to many other galaxy clusters, in each case revealing a dynamic mass that is
many times greater than the luminous mass [26].
1.2.2 Galaxy rotation curves
Zwicky’s claims of missing matter in the Coma Cluster went largely unnoticed until
the 1970s, when measurements of the rotation of spiral galaxies provided further, more
convincing, evidence for missing matter in individual galaxies.
Spiral galaxies are stable, gravitationally bound systems. Their visible mass consists
primarily of stars, gas and dust that orbit the Galactic Centre in almost circular orbits.
If an object, such as a star or gas cloud, is at a distance r from the Galactic Centre
with a circular orbit of velocity v encircling a mass M(r). In order for the system to
be stable (and hence in existence today) the centripetal acceleration of this object v2/r
must equal the inward force of gravity GM(r)/r2. This gives Kepler’s law
v =
√
GM(r)
r
. (1.13)
A galaxy rotation curve is a plot of the orbital velocities of objects, in the disc of a spiral
galaxy as a function of their distance from the Galactic Centre. From Equation 1.13,
such a plot is expected to fall as 1/
√
r. Galaxy rotation curves of the Andromeda galaxy
measured by Rubin and Ford in 1970 [27], and by Roberts and Whitehurst in 1975 [28],
however, showed a rotation curve with no sign of the expected Keplerian drop-off. The
orbital velocity instead was measured to be approximately constant from ∼5 kpc to
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beyond the visible mass of the galaxy at ∼30 kpc. A more recent measurement of the
rotation curve of the NGC3198 spiral galaxy in the constellation Ursa Major is shown
in Figure 1.4. The dashed line labelled ‘disk’ shows the expected rotation curve from
the luminous matter, while the solid line shows the fit of the measured velocities. The
simplest conclusion from this data is that there is a large, diffuse halo of unseen mass
that encompasses, and extends beyond, the visible disc of the galaxy. The dark matter
halo required to give the observed orbital velocities is given by the dotted line labelled
‘dark halo’ in Figure 1.4.
Rotation curves have been produced for many spiral galaxies, of various types, all with
the same conclusion — that the rotation curves do not follow the v ∝ 1/√r relationship
that would be expected if their mass was dominated by luminous matter, but instead
remain approximately flat to large r, implying the existence of large quantities of unseen
matter [29, 30].
4 Burkhard Fuchs
Fig. 4. ‘Maximum’ disk decomposition of the rotation curve of NGC7184.
stability parameters. As can be seen from the figures, the Q parameters are sys-
tematically close to or even less than one. That is impossible in real galactic
disks. As is well known since the classical paper by Sellwood & Carlberg (1984),
the disks would evolve fiercely under such conditions and heat up dynamically
on short time scales. If the model of Sellwood & Carlberg is scaled to the di-
mensions of NGC 6503, the numerical simulations indicate that the disk would
heat up within a Gyr from Q = 1 to 2.2 and any spiral structure would be sup-
pressed (cf. also Fuc s & von Linden 1998). The amount of young stars on low
velocity dispersion orbits, which would have to be added to the disk in order to
cool it dynamically back to Q = 1, can be estimated from (2). In NGC6503 a
star formation rate of 40 M!/pc2/Gyr would be needed, while actually a star
formation rate of 1.5 M!/pc2/Gyr, as deduced from the Hα flux (Kennicutt et
al. 1994), is observed. Thus ‘maximum’ disks seem to be unrealistic under this
aspect.
Fig. 5. Decomposition of the rotation curve of NGC3198 with a submaximal disk.
This deficiency can be remedied, if submaximal disks are assumed. This is
illustrated in Fig. 5 for NGC3198, where the mass-to-light ratio of the disk has
been reduced from M/LB = 3.5 to 2.2 M!/LB,!. Within the optical radius the
dark halo contributes twice the mass of the disk and its core radius is of the
order of the radial scale length of the disk. As can be seen in Fig. 5 and similarly
in Fig. 6 for NGC 6503, the Q parameters lie in a more realistic range. There is,
Figure 1.4: Decomposition of the NGC3198 spiral galaxy. The dashed line labelled
‘disk’ shows the rotation curve expected from the visible matter of the galaxy. The
dotted line labelled ‘dark halo’ is the required effect of dark matter in order for the
curve of the visible matter to match the observed rotation curve shown by the data
points and fitted solid line. Plot from Fuchs [29].
1.2.3 Gravitational lensing
A consequence of Einstein’s general relativity is that energy density (matter) causes
curvature of spacetime, so that the path of a photon of light can be altered by a gravi-
tational field [31]. A result of this is that large celestial bodies can act as a gravitational
lens, affecting the path of photons in its vicinity. This effect can be used to determine
the mass of a lensing object providing a source object (a radiation emitting object such
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as a planet, star, galaxy, hot gas cloud or quasar) exists beyond it. The effects that a
gravitational lens can have on the observed image of a source object range from subtle
changes in apparent brightness to large distortions, magnification and duplication of the
image. The extent of the effects depend on the relative position of the source, lens and
observer, and on the mass and shape of the lens. Gravitational lensing is particularly
useful for the probing of dark matter because the lensing effects are independent of the
type of radiation of the source object and independent of the composition of the lens
object.
Strong lensing — Strong gravitational lensing occurs in systems with massive gravita-
tional lenses and good alignment between the source object and the lens. Strong lensing
can cause dramatic effects to the image of the source object such as multiple images,
arcs and ring-like image deformations called Einstein rings [32]. Figure 1.5 shows an
image of the Abell 1689 galaxy cluster in which strong lensing effects can be seen. The
SLACS collaboration use data from the the Sloan Digital Sky Survey (SDSS) to identify
strong lensing candidates. Strong lensing techniques are then applied to data from the
Hubble Space Telescope ACS for these candidates. A survey of 15 galaxies revealed in
each case gravitational fields consistent with the visible disc being at the centre of an
approximately spherical, isothermal dark matter halo [33].
Figure 1.5: Image of strong gravitational lensing from the Abell 1689 galaxy cluster
showing large distortions and Einstein rings. Image from the Hubble Space Telescope
website [34].
Weak lensing and the Bullet cluster — Weak lensing techniques are used when
the lensing object is less massive, causing less drastic distortion of the source object
in the form of magnification and shear. Weak lensing involves a statistical estimate
of ellipticities in background galaxies caused by lensing effects. The Sloan Lens ACS
Chapter 1. An introduction to dark matter 13
(SLACS) Survey used weak lensing techniques in a survey of 22 galaxies and determined
an average mass density profile that is consistent with the existence of an isothermal dark
matter halo (i.e., ρ ∝ r−2) that extends to a distance of over 300h−1 kpc, (∼100 effective
radii) [35]. This extends by an order of magnitude the galaxy rotation measurements
from visible matter discussed in Section 1.2.2, adding further evidence for the existence
of a dark matter halo that extends way beyond the visible matter of the galaxy.
The first direct, model independent proof of the existence of dark matter was claimed
in 2006 from observations using weak lensing techniques of 1E 0657-558, a merger of
two galaxy clusters more commonly known as the Bullet Cluster. Clowe et al. cre-
ated a map of the total mass/energy distribution of the colliding galaxy clusters by
applying weak gravitational lensing techniques to a wide range of optical images from
ground based telescopes and the Advanced Camera for Surveys (ACS) on the Hubble
Space Telescope [36]. The distribution of mass is shown by the green contour lines
of Figure 1.6(a). It can be seen that these lines roughly trace the distribution of the
visible galaxies, which themselves contribute only ∼2% of the mass of the system [37].
The x-ray emission spectra of the Bullet Cluster was also mapped using data from the
Chandra X-ray Observatory. Since the hot, x-ray emitting intracluster medium (ICM)
accounts for >90% of the baryonic mass of the clusters, this provides a map of the
baryonic matter distribution of the cluster system.
The composite image of Figure 1.6(b) shows a clear separation between the total mass
of the system, indicated by the green contour lines, and the baryonic mass indicated by
the coloured cloud. The observation is explained by the hypothesis that the two galaxy
clusters are in the process of colliding. As the galaxy clusters collide and pass through
each other the x-ray emitting ICM of each cluster collides and interacts strongly. The
ICM heats up and is slowed down by the drag force, the effect of which is visible in
the bow shock structure of the x-ray images in Figure 1.6(b). The collisionless dark
matter on the other hand (the majority of the total mass of the structure) along with
the optically visible parts of the galaxy (the stars, of negligible mass) travel through
unaffected. The validity of this hypothesis has been confirmed by simulations [38].
The Bullet cluster observation is further compelling evidence for the existence of dark
matter in galaxy clusters. More recently examples of this phenomenon have been ob-
served at other colliding galaxy cluster sites including MACS J0025.4-1222 [39] and Cl
0024+17 [40] in which the collision is occurring along the line of sight of an observer on
Earth.
Chapter 1. An introduction to dark matter 14
No. 2, 2006 DIRECT EMPIRICAL PROOF OF EXISTENCE OF DARK MATTER L111
Fig. 1.—Left panel: Color image from the Magellan images of the merging cluster 1E 0657!558, with the white bar indicating 200 kpc at the distance of the
cluster. Right panel: 500 ks Chandra image of the cluster. Shown in green contours in both panels are the weak-lensing k reconstructions, with the outer contour
levels at k p 0.16 and increasing in steps of 0.07. The white contours show the errors on the positions of the k peaks and correspond to 68.3%, 95.5%, and
99.7% confidence levels. The blue plus signs show the locations of the centers used to measure the masses of the plasma clouds in Table 2.
TABLE 2
Component Masses
Component
R.A.
(J2000)
Decl.
(J2000)
MX
(1012 M,)
M∗
(1012 M,)  k
Main cluster BCG . . . . . . . . 06 58 35.3 !55 56 56.3 5.5 ! 0.6 0.54 ! 0.08 0.36 ! 0.06
Main cluster plasma . . . . . . 06 58 30.2 !55 56 35.9 6.6 ! 0.7 0.23 ! 0.02 0.05 ! 0.06
Subcluster BCG . . . . . . . . . . 06 58 16.0 !55 56 35.1 2.7 ! 0.3 0.58 ! 0.09 0.20 ! 0.05
Subcluster plasma . . . . . . . . 06 58 21.2 !55 56 30.0 5.8 ! 0.6 0.12 ! 0.01 0.02 ! 0.06
Notes.—Units of right ascension are hours, minutes, and seconds, and units of declination are degrees,
arcminutes, and arcseconds. All values are calculated by averaging over an aperture of 100 kpc radius
around the given position (marked with blue plus signs for the centers of the plasma clouds in Fig. 1);
measurements for the plasma clouds are the residuals left over after the subtraction of the circularly k
symmetric profiles centered on the BCGs.
Both peaks are offset from their respective BCGs by ∼2 j but are
within 1 j of the luminosity centroid of the respective component’s
galaxies (both BCGs are slightly offset from the center of galaxy
concentrations). Both peaks are also offset at ∼8 j from the center
of mass of their respective plasma clouds. They are skewed toward
the plasma clouds, and this is expected because the plasma con-
tributes about one-tenth of the total cluster mass (Allen et al. 2002;
Vikhlinin et al. 2006) and a higher fraction in nonstandard gravity
models without dark matter. The skew in each k peak toward the
X-ray plasma is significant even after correcting for the overlap-
ping wings of the other peak, and the degree of skewness is
consistent with the X-ray plasma contributing of the ob-"9%14%!8%
served k in the main cluster and in the subcluster (see"12%10%!10%
Table 2). Because of the large size of the reconstruction (34! or
9 Mpc on a side), the change in k due to the mass-sheet degeneracy
should be less than 1%, and any systematic effects on the centroid
and skewness of the peaks are much smaller than the measured
error bars.
The projected cluster galaxy stellar mass and plasma mass
within 100 kpc apertures centered on the BCGs and X-ray
plasma peaks are shown in Table 2. This aperture size was
chosen because smaller apertures had significantly higher k
measurement errors and because larger apertures resulted in a
significant overlap of the apertures. Plasma masses were com-
puted from a multicomponent three-dimensional cluster model
fit to the Chandra X-ray image (details of this fit will be given
elsewhere). The emission in the Chandra energy band (mostly
optically thin thermal bremsstrahlung) is proportional to the
square of the plasma density, with a small correction for the
plasma temperature (also measured from the X-ray spectra),
which gives the plasma mass. Because of the simplicity of this
cluster’s geometry, especially at the location of the subcluster,
this mass estimate is quite robust (to a 10% accuracy).
Stellar masses are calculated from the I-band luminosity of
all galaxies equal in brightness or fainter than the component
BCG. The luminosities were converted into mass by assuming
(Kauffmann et al. 2003) . The assumed mass-to-lightM/L p 2I
ratio is highly uncertain (and can vary between 0.5 and 3) and
depends on the history of the recent star formation of the gal-
axies in the apertures; however, even in the case of an extreme
deviation, the X-ray plasma is still the dominant baryonic com-
ponent in all of the apertures. The quoted errors are only the
errors on measuring the luminosity and do not include the
uncertainty in the assumed mass-to-light ratio. Because we did
not apply a color selection to the galaxies, these measurements
are an upper limit on the stellar mass since they include con-
tributions from galaxies not affiliated with the cluster.
The mean k at each BCG was calculated by fitting a two-
peak model, each peak circularly symmetric, to the reconstruc-
tion and subtracting the contribution of the other peak at that
distance. The mean k for each plasma cloud is the excess k
after subtracting off the values for both peaks.
The total of the two visible mass components of the sub-
cluster is greater by a factor of 2 at the plasma peak than at
the BCG; however, the center of the lensing mass is located
near the BCG. The difference in the baryonic mass between
these two positions would be even greater if we excluded the
contribution of the nonpeaked plasma component between the
(a) Colour image from the Mag llan spacecraft.
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Fig. 1.—Left panel: Color image from the Magellan images of th merging cluster 1E 0657!558, with the w ite bar indic ting 200 kpc at the distance of the
cluster. Right panel: 500 ks Chandra image of the clus er. Shown in green contours i both panels are the weak-lensing k reconstructions, with the outer contour
levels at k p 0.16 and increasing in teps of 0.07. The white contours show the errors on the posi ions of the k peaks and correspond to 68.3%, 95 5 and
99.7% confidence levels. The blue plus signs how the loca ions of the centers used to m asure the masses of th plasma c ouds in Table 2.
TABLE 2
Component Masses
Component
R.A.
(J2000)
Decl.
(J2000)
MX
(1012 M,)
M∗
(1012 M,)  k
Main cluster BCG . . . . . . . . 06 58 35.3 !55 56 56.3 .5 ! 0.6 0.54 ! 0.08 36 ! 0.06
Main cluster plasma . . . . . . 06 58 3 .2 !55 56 3 .9 6.6 ! 0.7 0.23 ! 0.02 5 ! 0.06
Subcluster BCG . . . . . . . . . . 06 58 16.0 !55 56 3 .1 2.7 ! 0.3 0.58 ! 0.09 20 ! 0.05
Subcluster plasma . . . . . . . . 06 58 21.2 !55 56 30.0 5.8 ! 0.6 0.12 ! 0.01 2 ! 0.06
Notes.—Units of right ascension are h urs, min tes, a d seco s, and units of declination are degrees,
arcminutes, a d arcseconds. All values are calculated by averaging over an aperture of 100 kpc radius
around the given position (marked with blue plus signs for the centers of the plasma c ouds in Fig. 1);
measure nts for the plasma c ouds are the residuals left over after the subtraction of he circularly k
symmetric profiles centered o the BCGs.
Both peaks ar offset from heir respective BCGs by ∼2 j but are
within 1 j of the luminosity centroid of the respective component’s
galaxies (both BCGs are slightly offset from the center of galaxy
concentratio s). Both peaks ar also offset at ∼8 j from the center
of mass of their respective plasma clouds. They are skew d to ard
the plasma clouds, and this is expect d because the plasma con-
tributes a out one-tenth of the t tal cluster mass (Allen et al. 2002;
Vikhlinin et al. 2006) and a higher fraction in n sta dard gravity
models without dark matter. The skew in ach k peak tow rd the
X-ray plasma is sign ficant even after corr cting for the verlap-
ping wings of the other peak, and the egr e of skewness is
consistent with he X-ray plasma contributing of the b-"9%14%!8%
served k in the main cluster and in the subclu ter (see"12%10%!10%
Table 2). Because of th large size of th reconstruction (34! or
9 Mpc on a side), the change in k due to the mass-sheet deg neracy
should be less than 1%, and any systematic effects on the centroid
and skewness of the peaks are much smaller than the measured
error ba s.
The proj cted cluster galaxy stellar mass and pl sma mass
within 100 kpc apertures centered on the BCGs and X-ray
plasma peaks are hown in Table 2. This aperture size was
chosen because smaller apertures had significantly higher k
measurement errors and because larger apertures esulted in a
significant overlap of the apertures. Plasma masses wer com-
puted from a multicomponent thr e-dimensional cluster model
fit to the Chandra X-ray image (details of this fit will be given
elsewher ). Th emission n the Chandra e e gy band (mostly
optically thin thermal bremsst ahlung) is proportional t the
square of the plasma density, with a small correcti n for the
plasma te perature (also measured from the X-ray spectra),
which gives the plasma mass. Because of th simplic ty of this
cluster’s geometry, especially at the location of the subclu ter,
this mass estimate s quite robust (to a 10% accuracy).
Stellar masses are calculated from the I-band luminosity of
all gal xies equal in brightness or fainter than the component
BCG. The luminosities wer conv rted into mass by assuming
(Kauffmann et l. 2003) . The assumed mass-to-lightM/L p 2I
ratio is h ghly uncertai (and can vary between 0.5 and 3) and
depends on the history of the recent star formati n of the gal-
axies in the apertures; however, even in the case of n extreme
deviation, the X-ray plasma is still the dominant baryonic com-
ponent in all of the apertures. Th quot d errors are only the
errors on measuring the luminosity and do not include the
uncertai ty in the assumed mass-to-light ratio. Because we did
not apply color selection to the galaxies, these measurements
are an upper limit on the stellar mass since they include on-
tributions from galaxies not affiliated wi h the clust r.
The mean k at each BCG was calculated by fitting a two-
peak model, each p k circularly symmetric, to the reconstruc-
tion and subtracting the contribution of the other peak at that
distance. The mean k for each pl sma cloud is the excess k
after subtracting off the valu s for both peaks.
The total of he two visible mass components of the sub-
cluster is greater by a factor of 2 at the plasma peak than a
the BCG; however, the cent r of the lensing mass is located
near the BCG. The difference in the baryonic mass between
these two positions w uld be even greater if we exclud d the
contribution of the nonpeaked plasma co ponent between th
(b) 500 ks x-ray image from the Chan r X-r y
Observatory. Hot colours indicate a higher x-
ray d nsity.
Figure 1.6: Images of the Bullet cluster. Green lines are mass contours from weak
l nsing analysi . Whit bar indicates 200 kpc at the distance of he cluster. Images
from Clowe et al. [36].
1.3 Dark matter particles
One highly motivated explanati t the observatio s of the previous sectio s is t e
existence of on-baryonic cold dark matter (CDM) articles. Ca didate particles st
be cold, i.e. non-relativistic at the time of decoupling, so as not to smooth out small-
scale structure formation in the early Universe and dark, i.e. not electromagnetically
interacting, explaining why it has not yet been detected. In addition any particle must
have been produced in sufficient quantity in the early Universe, and must be stable
enough that it is still in existence today.
There are no particles within the Standard Model of particle physics that satisfy all of
these criteria, and the exact nature of the CDM remains one of the biggest questions in
physics today. A review of dark matter candidates can be found at e.g. [41, 42]. For the
remainder of this thesis, however, the focus will be on the highly motivated hypothesis
that dark matter consists of a class of particles known as weakly interactive massive
particles, or WIMPs.
1.3.1 WIMPs
To account for the observed cosmological density of Ωm ≈ 0.3, WIMPs are required to
have interaction strengths on the scale of the electroweak interaction [43]. Since they
are weakly interacting, the WIMP mass is determined by the mass scale of the weak
interaction, i.e. the Z boson of mass ∼90 GeV c−2. WIMPs are therefore assumed to
have a rest mass on the order of 10 to 1000 GeV c−2.
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Although there is no particle within the Standard Model with the required properties,
there are a wide range of extensions to the Standard Model that produce WIMP-like
particles. These include the Lightest Supersymmetric Particle (LSP) in Supersymmetry
(SUSY) models [43], the Lightest Kaluza-Klein Particle (LKP) in Universal extra di-
mension (UED) models [44], or the lightest T-odd particle (LTP) in Little Higgs models
[45, 46]. SUSY is currently a favoured extension to the Standard Model, which predicts
the existence of a WIMP-like particle in the form of a Majorana fermion that is a su-
perposition of the SUSY partners of the electroweak gauge bosons (gauginos) and Higgs
particles (Higgsinos).
If WIMPs are to exist with sufficient abundance to account for the missing matter they
must have some non-zero coupling to ordinary baryonic matter [43]. Elastic scattering of
WIMPs with atomic nuclei is therefore a potential means of direct detection of WIMPs
on Earth. WIMP-WIMP annihilations are also theoretically expected to offer a means
of indirect detection through detection of annihilation products. Methods of direct and
indirect WIMP detection will be discussed in Section 1.4.
1.3.2 WIMP halo characteristics
The simplest models that can account for the galaxy rotation curve observations, and are
compatible with structure formation simulations, suggest that WIMPs exist in the form
of an approximately spherical, isothermal halo, with the visible matter of the galaxy
concentrated in a disc at the centre. This section discusses the kinematics of the WIMP
halo.
WIMP velocity distribution — There is little experimental data on the velocity
distribution of WIMPs in the local halo. The simplest models use the assumption that
WIMPs are trapped in the potential well of the Milky Way and have had time to reach
thermal equilibrium but, due to the almost collisionless nature of the WIMPs, do not
form a disk as seen in the visible matter of a galaxy. Instead the WIMPs form an
approximate spherically symmetric halo that is modelled as a collisionless Boltzmann
gas with WIMPs throughout the halo exhibiting a velocity distribution given by the
Maxwell-Boltzmann distribution. This can be expressed as
f(v) =
4piv2
(2pi/3)3/2vrms3
e
− 3v2
2vrms2 (1.14)
where vrms is the velocity dispersion, related to the local circular speed v0 (∼230 km s−1)
by vrms =
√
3/2v0.
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The velocity distribution must be truncated at the galactic escape velocity, as WIMPs
with velocities above this would have escaped the gravitation of the galaxy. There are
large uncertainties in the galactic escape velocity with estimates ranging from around
vesc = 450 to 650 km s
−1 [47, 48]. The value of vesc = 600 km s−1 is commonly used by
dark matter detection experiments and will be assumed throughout this thesis.
Target velocity relative to the WIMP halo — On average the WIMP halo is
stationary, with no co-rotation about the Galactic Centre. The mean WIMP velocity
relative to the target is therefore determined by the motion of the target on Earth
through the WIMP halo. This motion is dominated by the galactic rotation but, as
shown in Figure 1.7, consists of four components. The velocity of Earth vE , relative to
the WIMP halo, can be expressed in galactic coordinates as
~vE = ~ur + ~uS + ~uE , (1.15)
where ~ur is the velocity of the Local Standard of Rest (LSR)
~ur = (0, 230, 0) km s
−1, (1.16)
~uS is the motion of the Sun relative to the LSR
~uS = (9, 12, 7) km s
−1, (1.17)
and ~uE is Earth’s orbital velocity relative to the Sun, given by [49]
~uE = 〈uE〉[1− e sinλ− λ◦]( cosβx sin (λ− λx), (1.18)
cosβy sin (λ− λy), (1.19)
cosβz sin (λ− λz)) km s−1. (1.20)
where β and λ are the ecliptic latitudes and longitudes respectively of the x, y, and
z axis in galactic coordinates and 〈uE〉 = 29.79 km s−1 is the mean orbital velocity of
Earth. A practical approximation of vE is [49]
vE = 244 + 15 sin (2piy) km s
−1 (1.21)
where y is the elapsed time from 2 March in years.
In addition to this, as shown in Figure 1.7, the spinning of the Earth of its axis results
in the direction of the WIMP wind varying significantly over the course of a day. For
a detector positioned optimally at a latitude of 45◦ the WIMP wind direction oscillates
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over 90◦, from e.g. passing from left to right across the detector at midday, to passing
from top to bottom though the detector at midnight.
3) Earth velocity relative to Sun
4) Rotation of Earth on axis
1) LSR velocity relative to 
galactic rest frame
2) Solar system velocity relative 
to LSR
WIMPs
midday
midnight
Figure 1.7: Components determining the speed and direction of the ‘WIMP wind’. 1)
The orbit of the LSR about the Galactic Centre. 2) The ‘peculiar motion’ of our solar
system relative to the LSR. 3) The orbit of the Earth about the Sun. 4) The spinning
of Earth on its axis.
WIMP density distribution — The local density of WIMPs is an essential parameter
for the detection of WIMPs. The simplest model of the WIMP density distribution that
fits the observed data is an isothermal distribution given by
ρ(r) ∝ 1
r2
. (1.22)
This produces the required flat rotation curves at moderate radii but has a singularity
at the core and produces a diverging total mass. The following model produces a more
realistic mass distribution by forcing a core of constant density within a small core radius
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of r0
ρ(r) =
ρ0
1 + ( rr0 )
2
. (1.23)
The local WIMP density ρ0 is one of the most important parameters in determining
the expected event rate. When a simplistic isothermal sphere is assumed estimates for
ρ0 are in the range 0.2 to 0.4 GeV c
−2 cm−3 [49]. However, more recent observations
suggest that the halo is not spherically symmetric but is flattened. This leads to pre-
dictions for ρ0 with large inconsistencies but generally higher values in the range of 0.2
to 0.7 GeV c−2 cm−3 [50]. For consistency with previous and competing experimental
results, however, ρ0 = 0.3 GeV c
−2 cm−3 has become the assumed density of choice for
dark matter detection experiments, and will be the assumed value in this thesis.
1.4 WIMP dark matter searches
1.4.1 Search for WIMPs by indirect detection
The majority of WIMP candidates are Majorana particles such that WIMP-WIMP
annihilations resulting in detectable Standard Model particles are predicted [43]. These
WIMP annihilation products may result in detectable signals on Earth, offering a means
of indirect detection of dark matter WIMPs. Some potential signals and experimental
results are discussed here.
Neutrinos from the Sun — Halo WIMPs may, as they pass through the Sun, in-
teract with protons and helium nuclei causing the WIMPs to lose energy and become
captured by the Sun. As a result, thermalised WIMPs may accumulate in the Sun. At
a sufficient WIMP density, WIMP annihilation may form a number of Standard Model
particles such as quarks and leptons, or, if the WIMPs are heavy enough, gauge and
Higgs bosons and top quarks. Most of these decay products will be absorbed by the
Sun but some could produce energetic neutrinos detectable on Earth. Neutrino energies
would be broadly distributed about 13mχ to
1
2mχ, i.e. 10s to 100s of GeV, making them
separable from solar neutrinos with energies in the MeV range. The Super-Kamiokande
(Super-K) neutrino observation experiment has searched for such WIMP-WIMP anni-
hilation products from the Sun, as well as from the centre of the Earth and the Galactic
Centre, and found no excess above expected atmospheric levels [51].
Cosmic rays from WIMP annihilation in the halo — Annihilation of WIMPs
in the dark matter halo may form products that result in anomalous cosmic rays de-
tectable on Earth. Although the propagation of cosmic rays in the galaxy is not well
understood, leading to difficulty in separation of WIMP-WIMP annihilation cosmic rays
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from standard background sources, the known cosmic ray positron background is pre-
dicted to decrease slowly with increasing energies. The Payload for Antimatter/Matter
Exploration and Light-nuclei Astrophysics (PAMELA) experiment, however, has re-
cently detected a significant increase in the positron fraction in the 1.5 to 100 GeV
region as shown in Figure 1.8 [52]. The result suggests an unknown source which could
be attributed to positrons produced in WIMP-WIMP annihilations either directly or
via hadronisation followed by decay of charged pions. In addition the Advanced Thin
Ionization Calorimeter (ATIC) instrument [53], the FERMI Large Area Telescope [54]
and High Energy Stereoscopic System experiment (HESS) [55] have all detected signifi-
cant excesses in electron flux compared to predicted background in the energy region of
100 GeV to 1000 GeV energy.
account when interpreting potential dark matter signals. A pulsar
magnetosphere is awell knowncosmicparticle accelerator. Thedetails
of the acceleration processes are as yet unclear, but electrons are
expected to be accelerated in the magnetosphere, where they induce
an electromagnetic cascade. This process results in electrons and
positrons that can escape into the interstellar medium, contributing
to the cosmic-ray electron and positron components. As the energy
spectrum of these particles is expected to be harder than that of the
secondary positrons, such pulsar-originated positrons may dominate
the high energy end of the cosmic-ray positron spectrum. But because
of the energy losses of electrons and positrons during their propaga-
tion, just oneor a fewnearby pulsars can contribute significantly to the
positron energy spectrum (see, for example, refs 28, 29).
The PAMELA positron data presented here are insufficient to distin-
guish between astrophysical primary sources and dark matter annihila-
tion.However, PAMELAwill soonpresent results concerning the energy
spectra of primary cosmic rays—such as electrons, protons and higher
mass nuclei—that will significantly constrain the secondary production
models, thereby lessening the uncertainties on the high energy beha-
viour of the positron fraction. Furthermore, the experiment is continu-
ously taking data and the increased statistics will allow themeasurement
of the positron fraction to be extended up to an energy of about
300GeV. The combination of these efforts will help in discriminating
between various dark matter and pulsar models put forward to explain
both our results and the ATIC8 results. New important information will
soon come also from the FERMI satellite that is studying the diffuse
Galactic cosmic c-ray spectrum. Pulsars are predominantly distributed
along the Galactic plane, while dark matter is expected to be spherically
distributed as an extended halo and highly concentrated at the Galactic
Centre. The diffuse c-ray spectrum is sensitive to these different geo-
metries. Furthermore, PAMELA ismeasuring the energy spectra of both
electrons (up to ,500GeV) and positrons (up to ,300GeV). These
data will clarify if the ATIC results8 are due to a significantly large
component of pair-produced electrons and positrons (to explain the
high energy ATIC data, the positron fraction should exceed 0.3 above
300GeV), hencepointing toprimary positron sources, or to ahardening
of the electron spectrum with a more mundane explanation.
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Figure 2 | PAMELA positron fraction with other experimental data and
with secondary production model. The positron fraction measured by the
PAMELA experiment compared with other recent experimental data (see
refs 5–7, 11–13, 30, and references within). The solid line shows a
calculation1 for pure secondary production of positrons during the
propagation of cosmic rays in the Galaxy without reacceleration processes.
Error bars show 1 s.d.; if not visible, they lie inside the data points.
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Figure 1.8: Measurements of cosmic positron abundance from the PAMEL c llab-
oration showing excess pos trons at high energy. Plot from Adri ni et al. [52].
There presently remains significant discrepancies between these results such that no
clear dark matter candidate can be predicted. In addition, the dark matter required to
account for the PAMELA and ATIC re ults require interaction rates orders of magnitude
larger than those currently predicted for WIMPs [56]. Though these may be hints to the
existence of dark matter in the galaxy, the results demonstrate the difficulties caus d by
the poorly understood cosmic ray backgrounds, and highlig t the need for less ambiguous
direct detection experiments.
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1.4.2 Search for WIMPs by direct detection
Although WIMPs do not interact electromagnetically or by the strong nuclear force, they
are predicted to elastically scatter off atomic nuclei, resulting in potentially detectable
nuclear recoils (Section 2.1). The expected nuclear recoil energy spectrum, however,
decreases exponentially with energy, and has no characteristic features (Section 2.1.7).
In addition, ambient neutrons and gamma-rays produce interactions with energies in
the regions expected from WIMP-induced nuclear recoils, and typically with rates many
orders of magnitude higher. The biggest challenge in direct dark matter detection is the
reduction and discrimination of background events from the potential WIMP-induced
nuclear recoil signal.
Backgrounds for dark matter detectors exist in two main forms: gamma-rays, that cause
electron recoils, and neutrons that cause nuclear recoils. As will be discussed further in
Section 2.2, electron recoils are generally far more numerous, but can be rejected using
discrimination techniques, whereas neutron backgrounds produce events identical to the
expected WIMP-induced nuclear recoils, and therefore must be eliminated from the
detector. Having minimised detector backgrounds and estimated the rate of remaining
WIMP-mimicking backgrounds, experiments are operated in a controlled state for a
period of time. Any events detected above the expected background are candidates
for WIMP-induced nuclear recoils. If no WIMP signal is seen, limits can be placed on
allowed WIMP masses and cross-sections based on the fact that they have failed to cause
detectable interactions in the experiment.
There are various target materials in use in direct dark matter detection experiments.
Some of the leading dark matter search experiments use a target of liquid noble gas.
These include ZEPLIN-III [57] and XENON100 [58], which search for WIMP-induced
nuclear recoils in liquid xenon. Similarly sensitive experiments such as CDMS-II [59] and
EDELWEISS-II [60] look for WIMP-induced nuclear recoils in semiconductor crystals at
mK temperatures. Figure 1.9 shows the upper bounds on the WIMP-nucleon interaction
cross-sections that have been determined by null results from these experiments.
Recently the CRESST-II collaboration, operating a cryogenic direct detection experi-
ment with a target of CaWO4 crystals, published results of an exposure in which 67
events were detected with a background prediction of a maximum of 38 events [63]. A
4σ discrepancy is claimed, that could be explained by nuclear recoils from low mass
WIMPs as illustrated in Figure 1.9. CDMS-II and EDELWEISS-II also detect events
above their predicted background rate. The CDMS-II experiment, detected 2 events
with an expected background of 0.9 ± 0.2 events [59] and the EDELWEISS-II exper-
iment, predicted less than 3 events, with energies above 20 keV, but detected 5 [60].
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Figure 1.9: Limit plot showing current upper bounds on WIMP-nucleon interaction
cross-sections. Exclusion limits from EDELWEISS-II [60] (green dot-dashed), CDMS-
II [59] (green solid) and XENON100 [58] (blue dashed). Also shown are 90 % C.L.
regions favoured by CoGeNT [61], DAMA [62] and CRESST-II [63]. Plot from Angloher
et al. [63].
In these cases the excess signal is assumed to be unaccounted for background events
and null detection limits are presented. Positive dark matter detections have also been
claimed by the DAMA and CoGeNT collaborations. The predicted WIMP masses and
cross-sections of these experiments, discussed further in Section 1.4.3, are shown in Fig-
ure 1.9.
Despite detecting events characteristic of the predicted WIMP-induced nuclear recoils,
each collaboration is cautious to claim a dark matter detection due to the difficulty
in excluding all terrestrial sources of background in the detectors. The uncertainty
in such results presents a strong argument for a dark matter detection method that
allows discrimination between recoils from terrestrial sources and recoils from WIMPs
by showing that the nuclear recoils are of galactic origin.
1.4.3 Galactic signals
As described in Section 1.3.2 the mean velocity of WIMPs as seen by an Earth bound
detector depends on the motion of the Earth through the WIMP halo. The Earth
can therefore be thought of as being subject to a ‘WIMP wind’ with a velocity that is
determined by the path of the Earth through the halo.
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Annual modulation — As shown in Figure 1.7, the Earth’s orbit of the Sun adds a
component to the WIMP wind velocity that will vary with a period of one year. From
Equation 1.21 it is seen that the result is a sinusoidal velocity modulation with an
amplitude of ∼6%, a period of 1 year and a maximum on around 2 June. Assuming
an isothermal, spherically symmetric WIMP halo, this modulation in WIMP velocity
results in an expected WIMP detection rate that exhibits a sinusoidal modulation of
around ∼3% with a period of one year [47].
The DAMA/NaI, and subsequent DAMA/LIBRA experiment, which use high radiopu-
rity NaI(Tl) scintillators, differs from the the previously mentioned detectors in that it
does not attempt to discriminate between electron recoils and nuclear recoils. Instead
the collaboration focus on minimising all backgrounds and controlling systematics. The
group then searches for the predicted small modulation on top of an overall large event
rate. The DAMA collaboration claim a positive result with an 8.9σ confidence limit,
having detected, over a combined exposure period of ∼13 years, an annual modulation
in the event rate that is consistent with predictions. The event rate modulation is sinu-
soidal, with a period of one year peaking on ∼2 June with a modulation amplitude of
< 7% of the total event rate [62]. In addition the modulation is only present in low E
interactions, and only in ‘single-hit events’ characteristic of WIMP interactions.
More recently the CoGeNT collaboration, from 15 months of data operating a germa-
nium dark matter detector, has similarly claimed detection of an annual modulation
signature that could be due to WIMP interactions [61]. The data can be compatible
with the DAMA result with some non-standard WIMP assumptions [64].
Despite the significance of the dark matter discovery claimed by DAMA, the commu-
nity remains sceptic. The reasons are twofold. Firstly, for the majority of favoured
dark matter models, the results are in direct contradiction with many other dark matter
experiments (as shown in Figure 1.9). There are however some more exotic dark mat-
ter models that allow compatibility between the DAMA detection and the null results
of other experiments [65]. In addition, although this annual modulation is consistent
with the predicted modulation in the WIMP event rate, there exist many terrestrial
backgrounds that exhibit seasonal variation with the potential to mimic this signature.
The difficulty in ruling out unknown sources of background highlights the need for a yet
more definitive signature, which cannot be mimicked by a terrestrial source.
Directional signal — As described in Section 1.3.2, the direction of the WIMP wind
in the laboratory frame is determined by the motion of the Earth through the WIMP
halo, with a strong oscillation — of up to ∼90◦ over the course of a sidereal day, for an
optimally located experiment — due to the spinning of Earth on its axis.
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The directionality of WIMP-induced nuclear recoils, biased in the direction of the WIMP
wind, potentially produces a unique signal that shows unambiguously that detected
nuclear recoils are of galactic origin. The powerful discrimination of the directional
signal is such that, in principal, a positive WIMP detection would be possible with as
few as tens of WIMP-induced nuclear recoils [66]. Detectors sensitive to the direction of
the low energy nuclear recoils expected from WIMP-nucleus interactions also have the
potential to perform ‘WIMP astronomy’ studying the local dark matter density and the
kinematics of WIMPs in the galactic halo.
The DRIFT-II detector, the subject of this thesis, is the first, and one of only a hand-
ful of experiments around the world, pioneering the design of directionally sensitive
WIMP detectors, that could offer comprehensive proof for the existence of WIMPs in
the galaxy [67]. The DRIFT-II detector, along with other directional dark matter de-
tectors, will be discussed in the following chapter.

Chapter 2
Direct detection of WIMPs
In order for WIMPs to account for the observed cosmological mass density, WIMPs must
have some small, non-zero coupling to baryonic matter [43]. WIMP-nucleus scattering is
predicted to produce nuclear recoils that are, in principal, detectable. An unambiguous
detection of these WIMP interactions requires a detector capable of detecting recoil
energies of the order of 1 to 100 keV. In addition background sources of similar recoils
must be understood so that they can be either eliminated, or removed from the data
with efficient cuts.
In Section 2.1 characteristics of WIMP-induced nuclear recoils are discussed through
simple kinematic arguments. These calculations lead to a theoretical estimate of the
expected nuclear recoil energy spectra in typical WIMP detector target materials. In
Section 2.2 backgrounds common to all direct dark matter detection experiments are
discussed. In Section 2.3 concepts of directional dark matter detection are introduced,
before, in Section 2.4, the technologies currently being developed for directional recon-
struction of low-energy nuclear recoils are discussed.
2.1 Theory of WIMP detection
This section derives an equation for the expected nuclear recoil spectrum in a dark
matter detector. This is done in a number of stages. In § 2.1.1 Classical kinematics are
used to derive the range of recoil energies expected from WIMP-nucleus interactions. In
§ 2.1.2 a strongly simplified dark matter detection model is used to estimate the total
rate of scatters expected for WIMPs of a fixed velocity. In § 2.1.3 the differential event
rate is calculated, expressing the total event rate as a sum of differential event rates
over all allowed recoil energies. In § 2.1.4 corrections are made to the differential rate
25
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to account for the velocity distribution of WIMPs and in § 2.1.5 further corrections are
made with the inclusion of nuclear form factors. In § 2.1.6 the WIMP-nucleus interaction
cross-sections are discussed and finally, in § 2.1.7 these calculations are used to estimate
the expected differential event rate spectrum in typical dark matter detector targets.
Parameter Value Description
ρ0 0.3 GeV c
−2 cm−3 Local WIMP density (assuming isothermal sphere)
vE 244 km s
−1 Mean velocity of Earth relative to the WIMP halo
v0 230 km s
−1 Most probable WIMP velocity
vrms 282 km s
−1 WIMP velocity dispersion = vrms =
√
3
2v0
〈v〉 260 km s−1 WIMP mean velocity 〈v〉 = 2√
pi
v0
vesc 600 km s
−1 WIMP escape velocity
Table 2.1: Assumed WIMP halo parameters. From Lewin and Smith [49].
2.1.1 WIMP scattering kinematics
As WIMP velocities are highly non-relativistic the kinetic energy transferred from the
WIMP to the target nucleus in the elastic scattering interaction can be determined using
classical kinematics. Figure 2.1(a) shows a WIMP-nucleus interaction in the centre of
mass (COM) frame.
MW
MW
MN
MN ✓
⇤
uW uN
vW
vN
(a) Before (left) and after (right) the collision in the centre of mass frame.
MW
MW
MN
MN
✓
UW
VW
VN
(b) Before (left) and after (right) the collision in the laboratory frame.
Figure 2.1: Elastic scattering of WIMP with target nucleus.
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The initial velocity of the target nucleus in the COM frame can be expressed as
uN =
MW
MN
uW (2.1)
where uW is the initial velocity of the WIMP in the COM frame and MW and MN are
the rest masses of the WIMP and neutron respectively. The initial total kinetic energy
in the COM frame is given by
EiCOM =
1
2
MWu
2
W +
1
2
MNu
2
N . (2.2)
The initial velocity of the WIMP in the COM frame can therefore be expressed as
u2W =
2EiCOM
MW (1 +
MW
MN
)
. (2.3)
Since it is an elastic collision, EfCOM = E
i
COM = ECOM, so that
u2W = v
2
W =
2ECOM
MW (1 +
MW
MN
)
. (2.4)
Equation 2.4 implies |uW | = |vW | and |uN | = |vN |, i.e., for an elastic collision in the
COM frame the speeds of the particles do not change, only their direction.
Since the velocities are highly non-relativistic, to transfer from the COM frame to the
target rest frame, shown in Figure 2.1(b), it is sufficient to add uN =
MW
MN
uW to the
x-components of each velocity. The velocities in the lab frame can therefore be expressed
as
~UW = uW
(
1 +
MW
MN
, 0
)
, (2.5)
~VW = uW
(
cos θ∗ +
MW
MN
, sin θ∗
)
, (2.6)
and
~VN = uW
MW
MN
(1− cos θ∗, − sin θ∗) . (2.7)
In the lab frame the kinetic energy transferred to the recoiling target nucleus from the
WIMP-nucleus scatter Er can, therefore, be expressed as
Er =
1
2
MNV
2
N =
1
2
MNu
2
W
(
MW
MN
)2 (
(1− cos θ∗)2 + sin2 θ∗) . (2.8)
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Using the reduced mass of the WIMP-nucleus system µWN , defined as
µWN =
MNMW
MN +MW
, (2.9)
Equation 2.5 gives
M2Wu
2
W = µ
2
WNU
2
W . (2.10)
Substituting this into Equation 2.8 results in
Er =
µ2WNU
2
W
2MN
(1− 2 cos θ∗ + cos2 θ∗ + sin2 θ∗) (2.11)
=
µ2WNU
2
W
MN
(1− cos θ∗)
where, as shown in Figure 2.1(a), θ∗ is the scattering angle in the COM frame. To
express the recoil energy in terms of the scattering angle in the lab frame θ, the WIMP
velocity in the lab frame, Equation 2.6, gives
tan θ =
sin θ∗
1− cos θ∗ (2.12)
or
tan2 θ =
sin2 θ∗
(1− cos θ∗)2 =
1− cos2 θ∗
(1− cos θ∗)2 =
1 + cos θ∗
1− cos θ∗ . (2.13)
Using the identity tan2 θ = sec2 θ − 1, this gives
sec2 θ =
1 + cos θ∗ + 1− cos θ∗
1− cos θ∗ =
2
1− cos θ∗ , (2.14)
or
cos2 θ =
1
2
(1− cos θ∗). (2.15)
Substituting this into Equation ?? leads to an expression for the kinetic energy of the
recoiling nucleus
Er =
2µ2WNU
2
W
MN
cos2 θ. (2.16)
Thus the kinetic energy of the recoiling nucleus is dependent on the scattering angle, with
a minimum energy transferred when there is a glancing blow and the nucleus recoils at a
right angle (θ = 90◦) and a maximum energy transferred in a head-on collision (θ∗ = 0◦
or 180◦) resulting in a recoil energy of
Emax =
2µ2WNU
2
W
MN
. (2.17)
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Assuming recoils are uniformly distributed in cos θ∗ (and hence in cos2 θ), and using
〈cos2 θ〉 = 12 , the mean energy transferred in a collision is given by
〈E〉 = µ
2
WNU
2
W
MN
. (2.18)
For a WIMP of mass 100 GeV c−2 and a velocity of 220 km s−1, colliding with a sulphur
nucleus (from the typical CS2 target in DRIFT) of mass 32 GeV c
−2, this equates to a
mean recoil energy of ∼10 keV.
2.1.2 Total event rate of WIMP scattering
Figure 2.2 illustrates a dark matter detector of mass 1 kg containing N target nuclei in
a volume of L3. A single WIMP of velocity v and a WIMP-nucleus interaction cross-
section of σWN effectively interacts with all target nuclei in a volume of vσWN , each
second. With a target density of N/L3 this gives an interaction rate of N × σWNv/L3
per second. For a WIMP number density of n0 there are L
3n0 WIMPs passing through
the detector at any one time giving a total WIMP-nucleus interaction rate of
R = σWNvNn0. (2.19)
L
σWNv
L
L
N targets in 
volume L3
Figure 2.2: A WIMP of cross-section σWN and velocity v, passing through a detector
of N targets in a volume L3 produces an interaction rate of N × σWNv/L3 per WIMP
per second.
The number of target nuclei in the 1 kg detector is given by
N =
1000
A
×NA (2.20)
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where A is the atomic number and NA is Avogadro’s constant (6.02× 1023). Expressing
the number density of dark matter particles as
n0 =
ρo
MW
, (2.21)
where ρo is halo density and MW is the WIMP mass, gives the total rate of WIMP-
nucleus interactions for a 1 kg detector, assuming WIMPs of fixed velocity v, of
R =
103σWNvNAρ0
AMW
. (2.22)
2.1.3 Differential event rate
The total recoil rate R can be considered as a sum of the separate contributions from
recoils in energy ranges from zero to the maximum possible recoil energy Emax. The
differential rate is the rate of interactions in an energy range Er to Er+dEr and is given
by the total rate R multiplied by the probability of the interaction producing a recoil in
that energy range
dR
dEr
= R · p(Er). (2.23)
Assuming that the scattering angles are isotropic in cos θ∗, Equation 2.16 implies that
the recoil energies are uniform in the range Emin to Emax. Since all probabilities must
sum to unity, Equation 2.17 implies that, as illustrated in Figure 2.3,
p(Er) =
MN
2µ2WNv
2
(2.24)
for all energies up to Emax. The differential rate is thus given, using Equation 2.22 and
Equation 2.24, by
dR
dEr
=
103σWNNAρ0MN
2AMWµ2WNv
. (2.25)
2.1.4 Correcting for realistic WIMP velocities
Equation 2.25 gives a prediction of the nuclear recoil energy spectrum expected in a
detector assuming all WIMPs have the same fixed velocity v. A more realistic scenario
is that WIMPs instead have a range of velocities from vmin to vmax with some velocity
distribution f(v). In this case the following substitution is made:
1
v
→
∫ vmax
vmin
f(v)dv
v
. (2.26)
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Figure 2.3: Probability density of nuclear recoil energy.
As discussed in Section 1.3.2 the velocity distribution of the halo WIMPs is given by
the Maxwell-Boltzmann distribution
f(v) =
4piv2
(2pi/3)3/2vrms3
e
− 3v2
2vrms2 (2.27)
where vrms is the velocity dispersion, related to the most probable WIMP velocity v0
(∼230 km s−1) by vrms =
√
3/2v0. Equation 2.26 therefore becomes
∫ vmax
vmin
f(v)
v
dv =
4piv20
v30pi
3/2
∫ vmax
vmin
ve
−v2
v20 dv (2.28)
=
2
v0
√
pi
[
e(−v
2/v20)
]vmin
vmax
. (2.29)
The parameter vmin is the minimum WIMP velocity capable of producing a recoil of
energy Er. From Equation 2.17, this is given by
vmin =
√
ErMN
2µ2WN
. (2.30)
The maximum WIMP velocity vmax is determined by the escape velocity of WIMPs
vmax = vesc. For simplicity the escape velocity is often assumed to be infinite giving the
substitution
1
v
→ 2
v0
√
pi
e
− ErMN
2µ2
WN
v20 (2.31)
so that Equation 2.25 becomes
dR
dEr
=
103σWNNAρ0MN
2AMWµ2WN
2
v0
√
pi
e
− ErMN
2µ2
WN
v20 . (2.32)
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The mean velocity of WIMPs in the Maxwellian halo is 〈v〉 = (2/√pi)v0. Defining R0 as
the total event rate for the strongly simplified model in which all WIMPs have a fixed
velocity of v = 〈v〉 = (2/√pi)v0, Equation 2.22 gives
R0 =
2× 103σWNNAv0ρ0√
piAMW
(2.33)
and Equation 2.32 can be expressed as
dR
dEr
= R0
MN
2µ2WN
1
v20
e
− ErMN
2µ2
WN
v20 . (2.34)
Defining E0 as the kinetic energy of a WIMP with a velocity of v0
E0 =
1
2
MW v
2
0 (2.35)
and defining a kinematic factor r as
r =
4µ2
MNMW
(2.36)
allows Equation 2.32 to be expressed as
dR(0,∞)
dEr
=
R0
E0r
e−Er/E0r. (2.37)
Equation 2.37 is the differential rate for a 1 kg detector in an isothermal WIMP halo,
with the assumptions that the Earth is stationary in the galactic standard of rest (GSR)
frame (vE = 0) and that the galactic escape velocity is infinite (vesc =∞).
A more realistic expression is obtained when the velocity of the Earth with respect to
the GSR vE is taken into account. The differential event rate spectrum is then expressed
as [49]
dR(vE ,∞)
dEr
=
R0
E0r
√
pi
4
v0
vE
[
erf
(
vmin + vE
v0
)
− erf
(
vmin − vE
v0
)]
(2.38)
where erf is the error function defined by
erf(x) =
2√
pi
∫ x
0
e−t
2
dt. (2.39)
This expression can be made yet more realistic by correcting for the finite galactic escape
velocity vesc, resulting in the differential event rate of [49]
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dR(vE , vesc)
dEr
=
k0
k1
[
dR(vE ,∞)
dEr
− R0
E0r
e−(vesc/v0)
2
]
(2.40)
where k0/k1 is a normalisation constant that is defined by
k0
k1
=
[
erf
(
vesc
v0
)
− 2√
pi
vesc
v0
e(−(vesc/v0)
2)
]−1
. (2.41)
Using the halo model assumptions summarised in Table 2.1 with measured particle
physics properties of the target materials there remains only two unknowns in Equa-
tion 2.40 — the WIMP mass MW , and the WIMP-nucleus cross-section σWN . Com-
parison of event rates measured by experiment to the differential event rate spectra
predicted by Equation 2.40 therefore enables constraints to be placed on allowed WIMP
mass and WIMP-nucleus interaction cross-sections.
2.1.5 Nuclear form factor corrections
The equations quoted so far have been derived in the zero momentum transfer limit.
That is, under the assumption that the momentum gained by the recoiling nucleus q is
small
q =
√
2MNEr ≈ 0. (2.42)
This assumption, however, is only reasonable when the de Broglie wavelength associated
with q (λ = h/q, where h is Planck’s constant) is much larger than the nuclear radius.
In this case the WIMP effectively interacts with the nucleus as a whole and the spatial
distribution of nuclear spin within the nucleus can be neglected. Thus the hard sphere
classical scattering assumptions that have been made are acceptable. The mean recoil
energy derived in Section 2.1.1 for a WIMP of mass 100 GeV c−2 and a sulfur target
nucleus of mass 32 GeV c−2 result in a momentum transfer of ∼70 fm. This is relatively
large compared to the ∼3 fm effective nuclear radius of the sulfur [68], so the zero
momentum transfer limit provides a reasonable approximation.
With increasing q, however, the effects of nuclear spin structure are significant and act
to reduce the effective cross-section. This has the effect of adding a q, and therefore
Er, dependence to the WIMP-nucleus interaction cross-section, which is accounted for
by a nuclear form factor. The nuclear form factor is the Fourier transform of the as-
sumed density function of the nucleus and is expressed as a function of the dimensionless
quantity qrn/~, where rn is the effective radius of the nucleus.
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The form factor reduces the WIMP-nucleus interaction cross-section by a factor of
F 2(qrn) so that the non-zero momentum transfer cross-section is expressed as [49]
σWN (qrn) = F
2(qrn)σWN (2.43)
where σWN is the previously defined cross-section assuming zero momentum transfer.
The appropriate form factor depends on the nature of the WIMP-nucleus interaction.
WIMPs generally couple to nuclei via either scalar, spin-independent (SI) interactions,
where the WIMP couples to the mass of the nucleus through the exchange of Higgs
bosons, and/or via axial-vector, spin-dependent (SD) interactions, where the WIMP
couples to the spin of the nucleus through Z boson exchange.
Spin-independent — For spin-independent (SI) interactions the nuclear charge density
can be approximated by a solid sphere (approximating an interaction with the entire
nucleus) with a correction for a ‘soft-edge’ where the charge density of the nucleus falls
to zero over a finite skin thickness. The form factor, derived from the Fourier transform
of this density distribution, is estimated by the expression [69]
F (qrn) =
3j1(qrn)
qrn
e−(qs)
2/2 (2.44)
where rn is the effective nuclear radius approximated by rn ≈ 1.14A1/3 fm, s ≈ 0.9 fm is
the surface thickness and j1 is the second spherical Bessel function
j1(x) =
sinx
x2
− cosx
x
. (2.45)
The SI form factors for the target elements in the DRIFT detector, as well as some other
typical spin-independent target materials, are plotted in Figure 2.4. At low energies the
limit of low energy classical theorem (zero momentum transfer) is approached and the
form factor tends to 1.
Spin-dependent — For spin-dependent interactions a thin shell charge density distri-
bution can be assumed, approximating an interaction with a single unpaired nucleon
in the outer shell. This is known as the single particle approximation. The odd-group
model is a more detailed approximation that instead takes into account the WIMP cou-
pling to all nucleons of the same type as the unpaired nucleon [70]. A commonly used
estimate of the form factor for SD interactions, derived from the Fourier transform of
the odd-group approximation, is given by
F (qrn) =
{
j0(qrn) (qrn < 2.55, qrn > 4.5)√
0.047 (2.55 ≤ qrn ≤ 4.5)
(2.46)
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Nuclear form factors for SI interactions
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Figure 2.4: Estimates of nuclear form factor as a function of recoil energy for SI
WIMP-nucleus interactions. Elements plotted are typical SI detector target materials.
where the effective nuclear radius is approximated by rn ≈ 1.0A1/3 fm and j0 is the first
spherical Bessel function
j0(x) =
sinx
x
. (2.47)
Using this approximation the form factors of some elements used in spin-dependent
detectors are plotted in Figure 2.5, as a function of energy.
2.1.6 WIMP-nucleon cross-sections
The WIMP-nucleus cross-section can be expressed as [43]
σWN = 4G
2
Fµ
2
WNCN (2.48)
where µWN is the reduced mass of the WIMP-nucleus system, defined in Equation 2.9,
and CN is the dimensionless enhancement factor, which contains particle physics model
information. G2F is the Fermi coupling constant, defined by
GF
(~c)3
=
√
2g2
8m2W
≈ 1.16× 10−5 GeV−2 (2.49)
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Nuclear form factors for SD interactions
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Figure 2.5: Estimates of nuclear form factor as a function of recoil energy for SD
WIMP-proton interactions. Elements plotted are typical SD WIMP-proton detector
target materials.
where mW is the mass of the W boson, g is the coupling constant of the weak interaction
and ~ is the reduced Planck constant.
In order to compare results from detectors of different target materials, and also to allow
comparison to theoretical models, it is convenient to express experimentally determined
constraints on WIMP-nucleus cross-sections (σWN ) in terms of the cross-section for a
WIMP interaction with a single free neutron (σWn) or proton (σWp). From Equation 2.48
σWN
µ2WNCN
=
σWp
µ2WpCp
=
σWn
µ2WnCn
(2.50)
where Cp and Cn are the enhancement factors and µWp and µWn are the reduced masses
for the proton and neutron respectively. The enhancement factor CN contains compo-
nents from both the SI and SD couplings
CN = C
SI
N + C
SD
N . (2.51)
Spin-independent — The SI interaction enhancement factor can be expressed as [71]
CSIN =
1
piG2F
[Zfp + (A− Z)fn]2 (2.52)
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where A is the mass number and Z is the atomic number of the target. The parameters
fp and fn are the WIMP-proton and WIMP-neutron couplings respectively. In most
models WIMPs are Majorana particles so fp ≈ fn and from Equation 2.52
CSIN
CSIp
≈ C
SI
N
CSIn
≈ A2. (2.53)
From Equation 2.50 the SI WIMP-nucleus cross-section can then be defined in terms of
the cross-section for a single proton
σSIWp = σ
SI
WN
µ2Wp
µ2WN
1
A2
. (2.54)
Spin-dependent — In the SD case the enhancement factor can be expressed as [71]
CSDN =
8
pi
(ap〈Sp〉+ an〈Sn〉)2 J + 1
J
(2.55)
where J is the total spin of the nucleus, 〈Sp〉 and 〈Sn〉 are the expectation values of
the proton and neutron spin respectively and ap and an are the WIMP-proton and
WIMP-neutron SD couplings respectively.
Lacking a detailed model of the interference between the WIMP-proton and WIMP-
neutron scattering amplitudes in the spin-dependent case, the interference between
WIMP-proton and WIMP-neutron collisions is neglected (acknowledging that in some
theories this interference may significantly reduce the cross section). The enhancement
factor can then be written in terms of neutron only and proton only components as [72]
C
SD(p)
N =
8
pi
(ap〈Sp〉)2J + 1
J
(2.56)
and
C
SD(n)
N =
8
pi
(an〈Sn〉)2J + 1
J
, (2.57)
with the total nucleus enhancement factor expressed as
CSDN =
(√
C
SD(p)
N ±
√
C
SD(n)
N
)2
. (2.58)
The SD WIMP-nucleon cross-section can then be defined in terms of pure proton cou-
pling
σSDWp = σ
SD
WN
µ2Wp
µ2WN
CSDp
C
SD(p)
N
, (2.59)
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and pure neutron coupling
σSDWn = σ
SD
WN
µ2Wn
µ2WN
CSDn
C
SD(n)
N
(2.60)
where, using J = 0.5 and 〈Sp〉2 = 〈Sn〉2 = 0.5 for a free proton or neutron,
C
SD(p)
N
CSDp
=
4
3
〈Sp〉2J + 1
J
(2.61)
and
C
SD(n)
N
CSDn
=
4
3
〈Sn〉2J + 1
J
. (2.62)
2.1.7 Event rate spectra
Combining Equation 2.40 with the form factors in the previous section gives the total
differential event rate for an idealised dark matter detector of a single element
dR
dEr
=
dR(vE , vesc)
dEr
· F 2(Er). (2.63)
Figure 2.6 and Figure 2.7 show theoretical differential event rate spectra for a num-
ber of commonly used target materials in SI and SD sensitive dark matter detectors
respectively.
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Differential event rate with form factors
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Figure 2.6: Theoretical differential event rate spectra assuming SI WIMPs of mass
100 GeV and a WIMP-nucleon interaction cross-section of 7× 10−9 pb. Assumed halo
parameters listed in Table 2.1.
SD−p differential event rate with form factors
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Figure 2.7: Theoretical differential event rate spectra assuming SD WIMPs of mass
100 GeV and a WIMP-proton interaction cross-section of 4 × 10−2 pb. Assumed halo
parameters listed in Table 2.1.
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2.2 Detector backgrounds
Expected WIMP-nucleon interaction rates are low, with typical rates less than ∼1 event
per kg of detector mass per year. In addition the energy transferred to the recoiling
nucleus is low, on the order of 1 to 100 keV. This section discusses naturally occurring
backgrounds that produce events in this energy range, typically with rates many or-
ders of magnitude above the expected WIMP event rate. Techniques to reduce these
backgrounds are considered.
2.2.1 Electron recoils
Gamma radiation is a potential source of electron recoils in the target volume, which
may mimic the WIMP signal. Minimising gamma-ray interactions in the detector tar-
get volume firstly requires that the detector itself is not an inherent source of gamma
radiation. Detector construction materials are typically analysed for radiopurity in low
background germanium detectors before being selected. Construction and maintenance
of detectors are also performed under clean room conditions to minimise radioactive
contaminants being introduced to detector surfaces. In addition, gamma-rays from ex-
ternal sources must be prevented from entering the target volume. This is achieved by
surrounding the detector in materials of high atomic mass, typically layers of copper
and/or lead shielding, which, must also have a high level of radiopurity.
Despite efforts to minimise gamma-ray backgrounds, electron recoil event rates typically
remain orders of magnitude higher than the predicted rate of WIMP-induced nuclear
recoils. However, electron recoils produced by gamma-ray interactions deposit energy
with characteristic differences, when compared to the nuclear recoils expected from
WIMP interactions. Discrimination techniques can therefore be used to distinguish
electron recoils from, potentially WIMP-induced, nuclear recoils.
Discrimination techniques take advantage of the fact that particle interactions deposit
energy in the target in the form of heat, ionisation and excitation. In electron recoils
the total energy is distributed differently between these forms when compared to nuclear
recoils. For example, two-phase liquid xenon detectors exploit the large difference in the
ionisation-to-scintillation ratio of electron recoils compared to nuclear recoils [73]. The
efficiency of a discrimination technique is quantified by the electron discrimination factor,
which is the estimated fraction of electron recoil events that will be incorrectly identified
as nuclear recoil events, and hence potential WIMP interactions.
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Electron discrimination efficiency varies widely across different target materials and
discrimination techniques. The ZEPLIN-III collaboration, operating a two-phase liq-
uid xenon detector, have an electron discrimination of ∼10−4 from the ionisation-to-
scintillation ratio [74]. The WARP detector has a target of liquid argon in which sig-
nificantly better gamma-ray discrimination from the ionisation-to-scintillation ratio is
possible. WARP have achieved an electron discrimination of ∼10−8 in a 2.3 L prototype
detector [75]. In the CDMS-II cryogenic detector, consisting of Ge and Si semiconductor
targets, the ratio of ionisation-to-phonons produces an electron discrimination of ∼10−4
above 10 keV [59]. In the DRIFT-II detector, with a gaseous target of low pressure CS2,
or CS2-CF4 mixtures, the mean charge density along the length of the track, dE/dx, is
used as a discriminant, where recoiling electrons have a much lower dE/dx than recoiling
nuclei (see Section 3.3.1). Electron discrimination in the DRIFT-II detector has been
measured to be better than 8× 10−6 [76].
The total level of gamma radiation that exists in the detector, combined with the electron
recoil/nuclear recoil discrimination power of the detector, determines the maximum
sensitivity of the detector to WIMP-induced nuclear recoils.
2.2.2 Nuclear recoils
Neutrons, although a significantly less abundant background, are considerably more
problematic for dark matter detection experiments as they can enter the target volume
undetected and elastically scatter with nuclei in the target volume, creating nuclear
recoils indistinguishable from the predicted WIMP-induced nuclear recoils.
Cosmic rays are a significant source of unwanted neutrons up to 100s of MeV. The
upper atmosphere is constantly being bombarded by cosmic rays, consisting of mostly
protons (∼89%), alphas (∼9%), and electrons (∼1%), with energies ranging from 108 to
1021 eV [77]. These high energy particles interact with nuclei in the upper atmosphere
(about 20 km above sea level) producing showers of secondary particles consisting mostly
of pions (pi−, pi0 and pi+). These secondary particles have two components: a soft
component that consists mostly of neutral pions, which quickly decay into particles
easily absorbed by the atmosphere; and a hard component that consists mostly of charged
pions, which decay into high energy cosmic ray muons. Muons with energies >3 GeV
have a mean decay length >20 km so are capable of travelling deep into the Earth before
decaying. Such muons can interact with the detector or its surroundings producing
neutrons. Dark matter detectors therefore benefit from operating deep underground,
where the number of cosmic muons, and hence the muon-induced neutron background,
is minimised. All competitive dark matter experiments are located deep underground,
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at depths in excess of 1 km, where the number of muons present can be attenuated by
&106 [78].
A second source of potentially WIMP-mimicking ambient neutrons is radioactivity from
natural uranium and thorium sources in the surrounding environment, typically domi-
nated by the surrounding rock in an underground dark matter detector. These produce
a background neutron population with energies up to ∼10 MeV through (α,n) reactions
and, to a lesser degree, through spontaneous fission of 238U. Dark matter detection ex-
periments are therefore surrounded in materials with a high hydrogen content, such as
water or polypropylene, to thermalise neutron backgrounds that remain underground.
The DRIFT-II detector neutron shielding is described in Section 3.2.2. Since neutron
events are indistinguishable from the expected WIMP signal, any remaining neutron
background creates a limit on the potential sensitivity of the experiment.
2.3 Directional dark matter detection
As described in Section 1.4.2, the motion of the Earth through the WIMP halo deter-
mines the direction of incidence of WIMPs so that WIMP-induced nuclear recoils are
expected to exhibit a directional bias. A dark matter detector capable of resolving the
direction of WIMP-induced nuclear recoils could provide an unambiguous proof of the
existence of dark matter particles in the galaxy. Low pressure gaseous targets, in which
nuclear recoils create tracks of ∼mm length, are potentially capable of resolving this
directionality.
Track reconstruction — Figure 2.8(a) shows the directional anisotropy of the pre-
dicted WIMP signal. Although the strength of this signal is clear there are a number
of effects that act to reduce the measurable anisotropy. As shown in Section 2.1.1, a
WIMP-nucleus collision can result in the nucleus recoiling at a range of angles relative to
the incident WIMP, so although the direction of the incident WIMPs may be uniform,
the resulting nuclear recoils are not. The effects of this are illustrated in Figure 2.8(b).
The nuclear recoil from a WIMP-nucleus interaction, particularly for low energy recoils,
is also affected by straggling. This produces some uncertainty in determining the di-
rection of the initial recoil from the ionisation track, thus reducing the strength of the
directional anisotropy. In addition, the ionisation track suffers diffusion as it is drifted,
typically over many cm, from the point of interaction to the detector readout plane.
The diffusion acts to further reduce the clarity of the track and reduce the strength of
the directional signal. Finally, when the track arrives at the pixellated readout plane
it is reconstructed at a finite resolution (determined by the readout geometry), further
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Figure 1: From top to bottom : WIMP flux in the case of an isothermal spherical halo,
WIMP-induced recoil distribution and a typical simulated measurement : 100 WIMP-
induced recoils and 100 background events with a low angular resolution. Recoils maps
are produced for a 19F target, a 100 GeV.c−2 WIMP and considering recoil energies in
the range 5 keV ≤ ER ≤ 50 keV. Maps are Mollweide equal area projections.
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(a) Predicted WIMP flux for an isothermal spher-
ical WIMP halo.
Figure 1: From top to bottom : WIMP flux in the case of an isothermal spherical halo,
WIMP-induced recoil distribution and a typical simulated measurement : 100 WIMP-
induced recoils and 100 background events with a low angular resolution. Recoils maps
are produced for a 19F target, a 100 GeV.c−2 WIMP and considering recoil energies in
the range 5 keV ≤ ER ≤ 50 keV. Maps are Mollweide equal area projections.
16
(b) Estimated WIMP-induced nuclear recoil distri-
bution from the WIMP distribution shown in
(a).
Figure 2.8: Estimated directional anisotropy of the WIMP signal assuming a 19F
target and a 100 GeV c−2 WIMP. Images from Billard et al. [79].
reducing the ability to accurately measure the directional anisotropy of the WIMP sig-
nal. Despite such effects diluting the directional anisotropy, it has been shown, through
simulation of a feasible directional da k matter detector, th t the resulting sign l would
retain significant directionality. Figure 2.9 shows an estimate of how the nuclear recoil
direction distribution, illustrated in Figure 2.8(b), may appear in a realistic directional
detector with angular resolution of 15◦. Figure 2.9 contains 100 WIMP events and 100
isotropic background events, from which a likelihood analysis identifies a galactic dark
matter signal with high significance [79].
Figure 1: From top to bottom : WIMP flux in the case of an isothermal spherical halo,
WIMP-induced recoil distribution and a typical simulated measurement : 100 WIMP-
induced recoils and 100 background events with a low angular resolution. Recoils maps
are produced for a 19F target, a 100 GeV.c−2 WIMP and considering recoil energies in
the range 5 keV ≤ ER ≤ 50 keV. Maps are Mollweide equal area projections.
16
i ure 2.9: 100 WIMP-induced recoil eve ts and 100 isotr pic background events
reconstructed with 15◦ angular resolution to mimic realistic directional dark matter
dete tor. As uming a 19F target and a 100 GeV c−2 WIMP. Image from B lard et
l. [79].
Green and Morgan simulated a DRIFT-like dark matter detector to study aspects of
directional detector design [80]. The strength of the directional signal is demonstrated by
showing that a detector with a target of 40 Torr CS2, a 20 keV threshold, zero background
and with a readout capable of full 3D vector reconstruction of the recoil track is able
to discriminate a WIMP signal from an isotropic background at 95% confidence with
order of 10 events [80]. Morgen et al. considered detectors with 2D and 3D track
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reconstruction capabilities and with axial and full 3D vector sensitivity. It was found
that, while 3D track reconstruction reduces the total number of events required for a
positive detection by a factor of ∼3 with respect to 2D reconstruction, having the ability
to resolve the full vector direction of the recoil track, so-called head-tail sensitivity, in
either case, reduced the number of events required by an order of magnitude [80].
Head-tail sensitivity — The charge density of tracks from high energy ionising radia-
tion exhibits a Bragg peak [81] such that the vector direction of the track can be clearly
identified. For WIMP-induced nuclear recoils of 10s of keV, however, the effect is much
less pronounced and is less well understood. It is however expected that the dE/dx of
the track slowly falls with the decreasing energy of the recoiling nucleus, and recent mea-
surements have shown that this head-tail asymmetry exists, and is measurable at these
energies in the DRIFT-IId detector [82]. It has been shown that head-tail sensitivity is
the most important parameter in reducing the required exposure time of a directional
detector and a 2D reconstruction with head-tail may offer better sensitivity than full
3D reconstruction without head-tail [83]. However, the head-tail discrimination must
be effective on an event-by-event basis at suitably low energies. While perfect head-tail
discrimination gives approximately an order of magnitude reduction in the number of
events required, success of . 70% offers no improvement over axial readout.
Energy thresholds — The differential event rate of WIMP-induced nuclear recoils
falls off exponentially with energy (Section 2.1.7), implying energy thresholds as low as
possible are desirable. However, the ability to reconstruct the nuclear recoil track also
decreases with lower energies. In a directional dark matter detector the improved angular
resolution at high energies can compensate for the reduction in event rate. Thus there
becomes a point at which reducing the threshold no longer has significant improvements
in the sensitivity of the detector. Figure 2.10 shows the number of events required to
reject isotropy for an idealised DRIFT-like detector with pure 40 Torr CS2 gas, in which
the limit occurs at ∼20 keV. This optimal energy threshold will be lower for targets
consisting of lighter nuclei. From Figure 2.10 it can also be seen that even degrading the
energy threshold from 20 keV to 50 keV has the modest effect of reducing the required
exposure time by a factor 2 [80]. Reducing energy thresholds may, therefore, not be a
priority for directional detectors.
Background events — The ability of directional detectors to statistically distinguish
nuclear recoils of galactic origin from nuclear recoils of terrestrial origin means that
detection is possible with a higher signal-to-noise when compared with non-directional
detectors. Green and Morgan showed that the number of signal events required to reject
isotropy for a signal-to-noise ratio of 10, 1 and 0.1 respectively is 14, 27 and 170 [80].
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R(>ETH) = 8.7 · 104, 1.4 · 104 and 1.9 · 103 kg!1 day!1
pb!1, respectively.1 In each figure the solid line is the bench-
mark configuration (zero-background, ETH = 20 keV, 3-d
vector read-out), dashed lines are degraded configurations
and dotted lines (where relevant) are unrealistic, optimistic
configurations.
Figs. 3 and 4 show the effects of varying the energy
threshold on the exposure required to reject isotropy.
Fig. 3 shows the variation of the exposure with cross-sec-
tion for four values of the energy threshold (ETH = 0, 20,
50 and 100 keV) while Fig. 4 shows the variation with
threshold energy for cross-section r0 = 10
!7 pb. As was
pointed out by Spergel in the first paper on WIMP direc-
tional detection [3] there are two competing effects. The
anisotropy of the recoils increases with increasing energy,
so that the number of events required decreases, however,
the recoil rate also decreases. We find that the net effect
is that the required exposure is fairly constant for ETH <
20 keV and then increases with increasing threshold energy.
As the number of events required is an integer the detailed
variation of the exposure, in particular at large threshold
energies where there are step-like variations, is not particu-
larly significant. As a rough indication, above 20 keV a
10 keV decrease in the energy threshold decreases the expo-
sure required by roughly 25%. The quantitative variation
Fig. 4. The exposure required to reject isotropy (and detect a WIMP
signal) at 95% confidence in 95% of experiments as a function of energy
threshold, for WIMP-proton elastic scattering cross-section r0 = 10
!7 pb,
assuming a local WIMP density of q = 0.3 GeV cm!3.
Fig. 5. As Fig. 3. The solid line is for the benchmark configuration (zero-
background). The dashed lines are, (from right to left), background event
rates of = 0.1, 0.01, 0.001 and 0.0001 kg!1 day!1.
Fig. 6. As Fig. 3. The solid line is for the benchmark configuration (3-d
vector read-out, recoil reconstruction uncertainty taken into account). The
dotted line is 3-d vector read-out ignoring the uncertainty in the
reconstruction of the recoil direction. The dashed line is axial 3-d read-out.
Fig. 7. As Fig. 3. The solid line is for the benchmark configuration (3-d
vector read-out, recoil reconstruction uncertainty taken into account). The
short/long dashed lines are using raw/reduced angles for 2-d axial (top
pair of lines) and vector (lower pair of lines) read-out.
1 The event rates, especially for large threshold energies, depend on the
Galactic escape velocity which is not well known. This dependence is not
particularly strong and does not effect the conclusions of this work
significantly.
A.M. Green, B. Morgan / Astroparticle Physics 27 (2007) 142–149 147
Figure 2.10: Exposure required to reject isotropy as a function of energy threshold
for a DRIFT-like detector with 40 Torr CS2 target. Assuming a WIMP-nucleon elastic
scattering cross-section of 10−7 pb, a local WIMP density of 0.3 GeV c−2 cm−3, and a
WIMP mass of 100 GeV c−2. Plot from Green et al. [80].
For a signal-to-noise of less than 0.1 it becomes difficult to detect the anisotropy of the
WIMP recoil events.
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2.4 Existing directional dark matter detection experiments
Existing directional dark matter detectors are low pressure gaseous time projection
chambers (TPCs). TPCs, discussed further in Section 3.1.1, consist of a volume of
low pressure target gas in which WIMP-induced nuclear recoils are expected to produce
tracks of ionisation of ∼mm length scale. The ionisation tracks are drifted in a constant
electric field to a pixellated readout plane. This section discusses competing detector
technologies for directional dark matter detectors based on this concept. A summary of
the detectors is given in Table 2.2.
2.4.1 NEWAGE
The New Generation WIMP Search with Advanced Gaseous TPC Experiment (NEW-
AGE) detector is a low-pressure gaseous TPC dark matter detector operating in the
Kamioka mine, Japan [84]. The current detector, NEWAGE-0.3a, is a prototype with
a fiducial volume of 0.0155 m3 of pure CF4 at a pressure of 152 Torr. The use of CF4,
which has a high drift velocity and thus low diffusion, combined with a relatively short
drift distance makes high resolution 3D track reconstruction possible.
The NEWAGE detector uses a Micro Pixel Chamber (µ-PIC) readout plane [85], a
schematic of which is shown in Figure 2.11. Cathode strips with a series of holes of
0.25 mm diameter and 0.4 mm pitch are printed on one side of a PCB. On the other side
perpendicular anode strips are printed with a series of 50µm ‘dots’ that feed through
the PCB and align on the centre of the cathode strip holes on the other side. High
voltage is applied to the cathode strips creating a high field charge multiplication re-
gion between the anode dot and the cathode strip. Ionisation tracks arriving at the
plane undergo multiplication in this region creating measurable charges on the anode
and cathode strips. The perpendicular arrangement of the anode and cathode strips
allows two-dimensional reconstruction of the ionisation track, with the third dimension
possible through fast sampling of the charge deposition. This readout technology has
the advantage that the entire charge multiplication and readout is on one robust PCB
creating an extremely stable readout plane. PCB is a mature technology and, after
potentially high start-up costs, mass production at low cost is feasible.
The present 30.7× 30.7 cm2 µ-PIC readout consists of 768× 768 pixels of pitch 400µm.
The charge amplification in the µ-PIC readout plane itself produces an amplification of
∼103. A gas electron multiplier (GEM) plane is positioned 5 mm above the µ-PIC plane
for additional amplification [86]. The µ-PIC has a total of 2×768 strips, each of which is
processed by an ASD (Amplifier/Shaper/Discriminator) chip producing a discriminated
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Figure 2.11: NEWAGE µ-PIC readout plane. Anode strips (brown) with 50µm ‘dots’
of 400µm spacing and cathode strips (green) with 0.25 mm holes of 400µm spacing are
printed either side of a PCB (yellow). Figure from Miuchi et al. [84]
digital signal and an amplified analogue signal for each strip. The analogue signals from
the anode are grouped together and used to trigger the readout electronics. Adjacent
cathode strips are grouped by 16 and digitised at 100 MHz in order to determine the
total charge in the track. The discriminated digital signals from both the anode and
cathode strips are fed to a position encoding FPGA module with a sampling rate of
100 MHz that determines the individual hit positions via coincident signals on anode
and cathode strips. The NEWAGE detector currently only has discriminated signals for
individual pixels so is unable to determine charge distribution among individual pixels.
The detector is, therefore, currently limited to axial track reconstruction, without head-
tail sensitivity. The NEWAGE collaboration is developing position encoding electronics
to enable measurement of charge distribution.
2.4.2 DMTPC
The Dark Matter TPC (DMTPC) collaboration operate a low-pressure gaseous dark
matter detector at the WIPP Underground Laboratory in New Mexico [87]. The target
volume is a 10-litre cylinder of 75 Torr CF4 with a fiducial target mass of 3.3 g. Fig-
ure 2.12 shows the top half of a symmetrical detector consisting of two back-to-back
TPCs. Each TPC has a drift distance of 25 cm, from the −5 kV cathode mesh at the
top, to the grounded mesh electrode plane at the bottom. A constant drift field between
these planes is maintained by stainless steel field shaping rings. The amplification re-
gion consists of a grounded mesh of 28µm stainless steel wires of 256µm pitch sitting
0.5 mm off the surface of a copper covered PCB sheet anode with fluorocarbon wire
spacers. The copper plated central cathode is at 0.72 kV creating a field of 14.4 kV cm−1
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in which electron avalanche occurs, producing both charge amplification of ∼104 and
scintillation light. DMTPC Collaboration / Physics Letters B 695 (2011) 124–129 125
Fig. 1. A schematic of one TPC (not to scale). A WIMP (blue) induces a nuclear recoil (red) which produces ionization electrons (green) and scintillation light (yellow).
3.3 g (2.85 g) fiducial mass of CF4 (F). In 75 Torr of CF4, a recoiling
fluorine nucleus with 50 keV kinetic energy would travel approx-
imately 1 mm before stopping. The cathode and ground planes
of the TPC are 27 cm diameter meshes with 256 µm pitch. The
grounded mesh sits 0.5 mm from the copper-clad G10 anode plate
(see Fig. 1). Ionization electrons from interactions in the fiducial
volume drift in a uniform electric field of 0.25 kV/cm towards
the amplification region (14.4 kV/cm) where avalanche multipli-
cation amplifies the electron signal and produces scintillation. The
wavelength spectrum of the scintillation light peaks at ∼ 600 nm,
with roughly two-thirds of the scintillation emission in the visi-
ble [14]. The gas gain is approximately 4× 104, measured with an
55Fe calibration source. The operating anode voltage is chosen to
maximize the gain while limiting the rate of electronic discharge
between the anode and ground plane to < 0.025 Hz. The drift
electric field is chosen to minimize the transverse diffusion of the
drifting electrons. For a more detailed discussion of the 10 liter
detector amplification and diffusion, see [17] and [18].
Scintillation light produced in the amplification region is fo-
cussed by a Nikon photographic lens (f/1.2, 55 mm focal length)
onto an Apogee Alta U6 camera containing a 1024× 1024 element
Kodak 1001E CCD chip with 24 × 24 µm2 pixels. The CCD clock
rate is 1 MHz with 16-bit digitization, and typical readout time is
0.2 s. With this camera we are read-noise limited. To improve the
signal-to-noise ratio (and to reduce deadtime from CCD readout),
pixels are binned 4 × 4 prior to digitization. In addition to opti-
cal readout, we also digitize the integrated charge induced on the
anode, although we do not use the charge data in this analysis.
The surface run data set consists of 231,000 five-second CCD
exposures from each camera, collected without trigger or cam-
era shutter. Of these, 10.5% and 4.4% are rejected by analysis cuts
as spark events in the top and bottom TPCs respectively, and
3.5× 10−3% and 8.7× 10−4% as the associated residual bulk im-
age (RBI) background pixels (described in Section 2.2) respectively.
After correcting the live time for these analysis cuts, the data set
live time averaged over the two cameras is 12.35 days. This does
not include parasitic exposure (when pixels are exposed during
CCD readout and event writing), which increases the live time by
approximately 11%. The data taking efficiency was approximately
65%, including time for gas refilling.
2.1. Calibration and reconstruction
Track length and energy calibrations employ 241Am alpha
sources at fixed locations in the top and bottom TPCs. The calibra-
tion sources are placed inside each TPC, on the field cage rings. The
energies of the two sources, used for top and bottom TPC calibra-
tions, are 4.51±0.05 MeV and 4.44±0.05 MeV respectively. These
energies come from independent measurements of each source
with a Canberra 450-20AM surface barrier detector, calibrated with
decay alphas from radon-enriched N2 gas. The energies are slightly
different for the two sources, likely because of differences in thick-
ness of the thin gold windows of each of the source holders.
The length calibration relies on the known horizontal separation,
2.5 ± 0.1 cm, of resistive separators in the amplification region,
shown in Fig. 1. Tracks from alphas have decreased light yield
at the spacer locations. Fitting Gaussian profiles to these regions
gives the spacer positions in the image plane, and shows that
each 24 µm× 24 µm CCD pixel images 143± 3 µm× 143± 3 µm
(156± 3 µm× 156± 3 µm) of the top (bottom) anode.
The energy response of the detector is obtained from the same
data. The integral light yield of segments of alpha tracks at known
distances from the source, in the arbitrary digital units (ADU) of
the CCD, is compared to the SRIM simulation [19] prediction for
the visible energy loss in that segment. The segment length is
chosen such that the SRIM prediction for the energy loss in each
segment is 100–1000 keV, depending on the location and size of
the segment along the alpha track. This procedure is done in the
Figure 2.12: DMTPC 10-litre detector. Ionisation tracks in the target volume are
drifted downwards to the high field region producing charge multiplication and scintil-
lation that is captured by the CCD camera at the top. See text for details. Image from
Ahlen et al. [87].
Scintillation photons are produced in numbers proportional t the charge in the avalanche
re ion and are collected wi h photographic lens and CCD chip. Each CCD chip has
024 × 1024 pixels each of which of hich images a ∼150 × 150µm area of the central
anode iving a total a ea imaged of ∼16 × 16 cm2. A charge amplifier reads the in-
tegrated charge from the anode mesh, but this information is not currently used. To
reduce potential contamination in the vessel the CCD and associated electronics are all
located outside of the vessel. The detector currently only achieves 2D reconstruction of
the track through the image of the projected track. The DMTPC experiment currently
has a relatively high threshold of 100 keV, but at this energy head-tail sensitivity and
an angular resolution of 15◦ have been demonstrated.
2.4.3 MIMAC
The MIcro-TPC MAtrix of Chambers (MIMAC) collaboration is proposing a matrix
of low pressure gaseous µ-TPCs, each filled with either 3He or CF4, for directional
dark matter detection [88]. The current MIMAC prototype detector module, shown in
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Figure 2.13, has a 6 cm drift region defined by five copper field shaping rings, a solid
copper drift electrode and a bulk micromegas readout plane [89].
Figure 3. In this picture the pixel and the readout strips can be seen. The pixels are at 45o with respect to
the readout strips (observed by transparency).
outgassing from the inner walls. This cap is also equipped with two outlets for gas circulation and
four SHV electrical connections. The bottom cap with the bulk Micromegas has been described in
section 3.
6 cm
Mylar window
Drift electrodeField degradator
rings
Bulk Micromegas
PCB
Leak Tight PCB
Argon+5% Isobutane
Americium
holder
18 cm
Figure 4. Schematic drawing of the set-up.
To uniformise the drift field in the conversion volume of 6 cm of height, the vessel is equipped
with a field shape degrador. It consists of 5 copper squared rings and a copper plate, separated by
a distance of 1 cm by four peek columns. The plate and the rings are electrically connected via
resistors of 33MW. The voltage of the last ring is fixed with a variable resistor located outside the
– 4 –
Figure 2.13: Prototype MIMAC detector. Ionisation electrons in the target volume
drift downwards and are read out at the bulk microm gas readout plane. See text for
details. Image from Iguaz et al. [90].
The bulk micro egas readout consists of a wove mesh cathode, with regularly spaced
insulating pillars printed on it, mounted onto a pixellated anode readout PCB. The
insulating pillars create a charge amplification region between the woven mesh and the
PCB. The bulk micromegas in the prototype MIMAC detector has an area of 10.8 ×
10.8 cm2. A voltage of 470 to 700 V is applied to a 30µm woven mesh, which is at
a distance of 256µm from the readout PCB. As shown in Figure 2.14, the readout
plane is a 1.6 mm thick PCB with 200µm square pixels separated by 100µm, each with
a connection through the PCB [90]. The detector typically operates with an electric
field of 21.9 kV cm−1 in the amplification region, resulting in a charge amplification of
∼2× 104.
The bulk micromegas readout plane has 256 strips in each axis, each with 424µm pitch.
Two-dimensional reconstruction is obtained from the track projection by detecting the
charge created during the avalanche process in each pixel. The charge on each pixel is
sampled at 40 MHz which, from the known drift velocity, gives the third dimension of
the track.
The thick PCB detector plane is designed to withstand a vacuum such that it makes
up one side of the vacuum vessel, as shown in Figure 2.13. This results in all readout
electronics being located outside the vacuum vessel, minimising contamination in the
detector. The detector modules have been designed to operate at both low pressures of
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100s of mbar and high pressures of up to 3 bar to allow maximisation of either directional
sensitivity or total mass.
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Figure 1. Left: Sketch of the general assembly constituting the readout plane and the interface to electronics.
Left: Zoom of the Readout PCB (a in the image), Leak tight PCB (d) and the Interface PCB (e).
cap that constitutes the bottom of the TPC (c in figure 1). The signal connections from one board to
another are done by means of SAMTEC connectors (GFZ 200 points) that are placed and screwed
between the two boards (b in figure 1 left). On the outside of the vessel an Interface card distributes
the signals to the desired electronics (e in figure 1). Two versions of this card exists: one dedicated
to the laboratory set-up and a second one for the final MIMAC electronics.
This design offers several advantages: a simple, compact and leak-tight way for the signal
connections and a versatility for two different types of electronics. Bulk Micromegas with two
different amplification gaps were produced in order to choose the best gap for different running
pressure conditions. Characterisations tests described in section 5 concern three readout planes
with a gap of 128 µm and two with a gap of 256 µm.
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Figure 2. Left: Sketch of the 2D readout used. Right: Microscope photograph of the 2D readout.
4. Experimental set up
A dedicated vessel was built as shown in figure 4. It consists of two aluminium caps screwed
to create the TPC. In the top cap, an iso-KF25 valve is used for pumping in order to reduce the
– 3 –
(a) Schematic of the micromegas readout.
Red squares indicate pixels on top
layer of PCB, grey dots and lines indi-
cate contacts and traces within PCB.
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(b) Photograph of micromegas readout.
Light grey squares are pixels. White
lines indicate traces within PCB.
Figure 2.14: Images of the bulk micromegas readout of the MIMAC detector. Images
from Iguaz et al. [90].
DRIFT-II DMTPC 10-
litre
MIMAC proto-
type
NEWAGE-0.3a
Location Boulby, UK WIPP, USA LPSC, France Kamioka,
Japan
Gas 30-10 Torr
CS2-CF4
75 Torr CF4 75 to 2250 Torr
3He or CF4
152 Torr CF4
Fiducial
volume
0.80 m3 0.01 m3 0.0007 m3 0.0155 m3
Fiducial Mass 136 g
(32.6 g CF4)
3.3 g 0.3 to 7.6 g 11.5 g
Readout MWPC
(charge)
CCD (light) Micromegas
(charge)
GEM µ-PIC
(charge)
Readout pitch 2 mm 256µm 424µm 400µm
Dimension 3D 2D 3D 3D
Reference This thesis [91] [90] [84]
Table 2.2: Table of existing low pressure gaseous TPC experiments for directional
dark matter searches.
Chapter 3
The DRIFT directional dark
matter detector
The DRIFT collaboration is developing a directionally sensitive dark matter detector,
which is potentially capable of using the strong directional anisotropy of WIMPs to
provide unambiguous evidence for the existence of WIMP dark matter. The current
iteration of the detector, the 1 m3 DRIFT-IId detector, operates underground at the
Boulby Underground Laboratory.
This chapter begins with the theory of using a gaseous time projection chamber for
directional dark matter detection (Section 3.1) and provides a full description of the
experimental set up of the DRIFT-IId dark matter detector (Section 3.2). The theory
of track production in the detector volume through to track detection at the MWPC
readout plane is discussed in Section 3.3. Following this, in Section 3.4, signal induction
in the MWPC readout planes is investigated using a newly identified class of ‘spark-like’
events. Finally, in Section 3.5 a new method of measuring the reduced mobility of the
target gas mixture, through these spark-like events during normal detector operation, is
discussed. The results are compared to data from a dedicated single wire proportional
counter experiment.
3.1 The DRIFT detector concept
3.1.1 The time projection chamber
The time projection chamber (TPC), invented in 1974 by David Nygren of the Lawrence
Berkeley National Laboratory [92], is a device for the detection and localisation of ion-
ising particles. TPCs provide good spatial resolution over a large volume with high
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efficiency using a fully digitised readout system.
Figure 3.1 illustrates a generic TPC with the detector volume defined by a high voltage
cathode plane at one end, a lower voltage readout plane at the other, and a set of field
shaping rings between the two to maintain a constant electric field throughout the drift
volume. Any ionising particles entering the detector volume will create ionisation elec-
trons which, in the constant electric field, drift uniformly to the detector readout plane.
Various readout plane technologies exist (see Section 2.4) but, in general, the plane is a
pixellated charge readout device that enables the localisation and reconstruction of the
track in two dimensions. When combined with the time of charge arrival at the readout
plane full three-dimensional positioning and reconstruction of the ionisation track can
be achieved.
Field 
rings
High-voltage 
cathode plane
E
L
WIMP ‘sweeps 
out’ volume vσ0
σ0v
L
L
detector 
volume = L3
Readout 
plane
Field 
rings
High voltage 
cathode plane
E
electron track drifts 
to readout plane
Readout 
plane
e-
Figure 3.1: Schematic of a generic time projection chamber. Interactions in the target
volume produce tracks of ionisation electrons that drift, in the uniform electric field, to
the readout plane.
3.1.2 TPC for dark matter detection
The use of a low-pressure gaseous time projection chamber (TPC) for dark matter
detection was conceived in 1994 by Buckland et al. [93]. The principle is that a WIMP-
nucleus interaction in a low-pressure gas would create an ionisation track with a length of
a few mm, compared to the ∼nm interactions that would occur in solid or liquid targets.
The long track would potentially have an orientation that is resolvable and biased in the
direction opposite to that of the incident WIMP. Such a detector may therefore be able
to detect the strong directional anisotropy predicted in the WIMP signal, as discussed
in Section 2.3.
The TPC used by Buckland et al. consisted of a 0.125 m3 cylindrical volume filled with a
20 Torr CH4 target gas and a readout plane consisting of an optically imaged multistage
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parallel plate avalanche chamber [93]. The drift volume was surrounded in a supercon-
ducting magnet that produced a 0.45 T magnetic field in the direction of the electric
field. This was required to suppress the transverse diffusion of the drifting electrons and
hence preserve the directional information in the tracks. This experiment demonstrated
the potential of the low-pressure gaseous TPC for WIMP detection but also demon-
strated a significant restriction — the requirement of superconducting magnets around
the drift volume to preserve directional information would severely limit the scalability
and maximum target mass of a detector of this type.
A potential solution to this problem was suggested in 1999 when the low pressure nega-
tive ion time projection chamber (NI-TPC) was proposed for dark matter searches [67].
The NI-TCP uses an electronegative gas as a target material so that ionisation electrons
rapidly attach to electronegative gas molecules to produce a track of negative ions. Mas-
sive ions, unlike electrons, remain in approximate thermal equilibrium with the gas, even
in high drift fields. This means that both transverse and longitudinal diffusion of the
track are suppressed to thermal levels as the track is drifted to the readout plane so that
metre-scale drift distances are possible, without the need for strong magnetic fields [94].
3.1.3 Negative ion drift gas choice
A suitable gas for NI drift must have sufficient electronegativity that electron attachment
occurs almost immediately, before the fast moving ionisation electrons have time to
diffuse. However, it is equally critical that the electronegativity is small enough that
the electrons will detach and avalanche in the high field region of the readout plane. A
suitable gas for NI drift must therefore be mildly electronegative.
In order to be a suitable target for a dark matter detector, the target gas must also
be stable, so as not to produce WIMP-like interactions intrinsically. For scalability to
large volumes, the preferred gas must be available at an appropriate level of purity,
at a reasonable cost, and must be gaseous at room temperature at the desired target
pressure. An ideal target gas should also have a large atomic number for sensitivity
to spin-independent (SI) WIMP interactions or an odd number of nucleons for spin-
dependent (SD) WIMP searches. This is discussed in Section 2.1.6.
With an electron affinity of ∼0.5 to 1 eV and fast electron attachment [95], carbon
disulphide (CS2) is understood to be a suitable NI-TPC target gas [96]. Sulphur, with
an atomic mass of 32, provides reasonable sensitivity to SI WIMP-nucleus interactions.
Carbon and sulphur are, however, dominated by isotopes with no unpaired nucleons,
so the CS2 target is insensitive to SD WIMP interactions. Providing sufficient CS2
is present in the target gas for NI drift to be maintained, gases with more favourable
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characteristics for dark matter searches may be added to enhance the sensitivity of the
detector.
3.2 The DRIFT-IId detector
The Directional Recoil Identification From Tracks (DRIFT) detectors, based on the
NI-TPC concept, are the world’s first large-scale directionally sensitive dark matter
detectors. The current iteration is the 1 m3 DRIFT-IId [97]. From current limits on
WIMP-nucleus cross-sections it is likely that DRIFT may ultimately require a volume
on the order of ∼10 to 100 m3 to achieve the target mass required to detect WIMP dark
matter. For this reason the DRIFT detectors have been designed to be cost effective
and scalable.
The DRIFT-IId detector, shown in Figure 3.2, is symmetric about a 1 m2 central cathode
plane. On each side is a 50 cm field cage with a 1 m2 multi-wire proportional chamber
(MWPC) readout plane at the end. This creates two back-to-back TPCs, each with a
volume of 1×1×0.5 m3. The structural support is constructed from transparent acrylic
that is used for its high radiopurity. The detector sits on a bearing loaded stainless steel
plate, which allows the detector to be easily moved into and out of a 1.5× 1.5× 1.5 m3
stainless steel vacuum vessel, which is filled with the low-pressure target gas — typically
40 Torr CS2.
3.2.1 Boulby Underground Laboratory
As with all operational dark matter detectors, DRIFT-IId is situated deep underground
in order to shield the detector from cosmic ray muon-induced neutrons (Section 2.2.2).
DRIFT-IId is located at the Boulby Underground Laboratory, an underground science
facility located within the Boulby Mine, a working potash mine on the north east coast
of England. The laboratory is at a depth of 1070 m (2805±45 metres water equivalent),
at which cosmic ray muons are attenuated by a factor of ∼106 relative to the surface, to
levels of (4.09±0.15)×10−8 cm−2 s−1 [98]. Figure 3.3 shows a comparison of the depths
and resulting muon flux of various international underground research facilities.
The cavern rock surrounding the Boulby Underground Laboratory, primarily NaCl salt,
has been shown to be low in natural radioactivity with levels of 67±6 ppb uranium,
and 125±10 ppb thorium [99]. The level of neutrons above 0.5 MeV coming from the
rock surrounding the Boulby Underground Laboratory has been measured as (1.72 ±
0.61(stat)± 0.28(sys))× 10−6 cm−2 s−1 [100].
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Figure 3.2: Photograph of the DRIFT-IId detector underground at the Boulby Un-
derground Laboratory. Arrows show the defined detector axes.
3.2.2 Detector hardware design
Central cathode — The high-voltage central cathode plane results in a drift field across
the detector volume so that ionisation tracks occurring in the detector volume drift to
the MWPC readout plane. The central cathode consists of a plane of 512 vertical 20µm
diameter stainless steel wires with a spacing of 2 mm across an open acrylic frame1. The
wire plane is in contact with a hollow 6 mm diameter stainless steel tube (a field cage
ring) that runs inside the acrylic frame. The cathode is held at a potential of −37.5 kV
via a high-voltage feedthrough in the roof of the vacuum vessel. The central cathode
plane is in electrical contact with the field cage on either side, via a spring loaded 33 MΩ
resistor. The drift field between the central cathode and the MWPC readout plane is
typically ∼600 V cm−1.
Field cages — The two field cages, each 50 cm in length and located either side of the
central cathode, are used to ensure a constant drift field throughout the target volume.
1Here the standard wire plane cathode is described. This has recently been replaced with a thin film
cathode that is described in Section A.3.
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Figure 1. Underground laboratories around the world
In the following, we will briefly draft the history of the Canfranc Under-
ground Laboratory and summarize its experimental program. Finally, the
new underground facility which is being constructed at the same location
with a total surface of nearly 1,500 m2 is shortly described.
2. The Canfranc Underground Laboratory (LSC)
In the mid eighties, there was no infrastructure in the Canfranc railway
tunnela except for two small halls (about 12 m2 each plus two 35 m2, 1
m high galleries) located 780 m from the Spanish entrance below a rock
overburden of 675 meters of water equivalent (m.w.e.). In 1986, prelimi-
nary measurements of radioactive contamination and cosmic radiation were
carried out with a mobile platform along the railway; conditioning works
started shortly after (cleaning, electrical power installation, telephone, hu-
midity and temperature control, and ventilation) and the two halls became
what we now call Lab-1.
By 1988, the LSC consisted of the two small halls plus a prefabricated
cabin, especially reinforced, of about 15 m2 and installed over the railway
aLSC is located in a railway tunnel of ∼6 km long (not in use) crossing the Pyrenees
(entrance at ∼1080 m above sea level close to the Canfranc Station, in the Spanish side,
175 km from Zaragoza).
Figure 3.3: Depths of underground la oratories from around the world in metres
water equivalent (m.w.e) against muon flux. Plot from Morales, J. et al. [101].
Each field cage consists of 31 hollow 6 mm diameter stainless steel tubes with 15 mm
spacing in an acrylic support frame. Each field ring is in electrical contact with the next
via a 33 MΩ resistor and the final field cage ring in the chain on either side is grounded
via a 66 MΩ resistor. This resistor ladder steps the voltage down across each field ring
to create a smooth electrical field from −37.5 kV at the central cathode to −3 kV at
the MWPC readout plane. The acrylic frame of the field cages, as well as providing
structural support for the field rings, provides lectrical insulation to avo d sparking
between the high-voltage field cage and the grounded metal vacuum vessel.
MWPC readou planes — The MWPC readout pla es are used to amplify the charge
created in the drift volume by the particle interaction and to provide localisation of the
charges such that ionisation tracks can be reconstructed. The mechanism of this process
will be discussed in detail in Section 3.3.1. Each MWPC consists of 3 planes of wires.
The centre plane is the anode plane of 552 vertically oriented 20µm diameter stainless
steel wires with a spacing of 2 mm. On either side of the anode plane, at a distance
of 10 mm, is a grid2 plane of 552 horizontally oriented 100µm diameter stainless steel
wires, also with a spacing of 2 mm. The grid planes are held at a potential of ∼−3 kV
producing uniform electric field lines between the two planes, except in the immediate
vicinity of the anode and grid wires.
The anode wire plane and the inner grid plane are instrumented with charge sensitive
electronics (Section 3.2.3). The outer grid plane is required to ensure symmetric field
2The cathode planes of the MWPC are referred to as grid planes to avoid confusion with the central
cathode.
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lines on the anode wires but is not instrumented. Of the 552 wires in the anode plane the
11 outermost wires on each side act as guard wires, used to step the potential up from
ground to 3 kV over three 33 MΩ resistors. This minimises distortions of the field that
arise at the edges of the MWPC plane. The next 41 anode wires inwards are grouped
together to form a veto region, used for tagging events that enter the drift volume from
the outside. On the grid plane the outermost 52 wires are veto wires. The remaining
448 central wires of the anode and grid planes make up the fiducial area of the MWPC
giving a 0.80 m3 fiducial volume.
The MWPC wires are attached to PCBs mounted on an acrylic frame, supported by
a thick acrylic backplate. The backplate, which has stainless steel support bars, is
required to counter warping in the backplate caused by the tension of the MWPC wires.
The backplate also houses the preamplifiers, grouping boards and a retractable 55Fe
calibration source.
Shielding — The exceptional gamma rejection capability of the DRIFT detectors means
that gamma-ray backgrounds are negligible and lead shielding is not required [76]. This
is crucial in maintaining a low modular cost of the detector. The neutron background
in the underground laboratory is low, estimated as approximately one neutron-induced
nuclear recoil per day in an unshielded DRIFT detector, from uranium and thorium
in the cavern walls [102]. However, as neutrons produce events indistinguishable from
the expected WIMP signal, neutron shielding to eliminate this background is essential.
The entire vacuum vessel is surrounded by a plywood housing that is filled with loose
polypropylene pellets providing a covering of at least 50 cm on all sides. This provides the
equivalent of ∼30 cm of solid hydrocarbon shielding, reducing the neutron interactions in
the detector by a factor of∼104. Simulations estimate the remaining neutron background
from the cavern walls to be an acceptable level of < 0.3 events per year [97].
Gas system — Although CS2 is a stable TPC gas, even with relatively high levels of air
contamination, detector stability has been shown to fall rapidly with contamination of
&1% [103]. In addition, radon emission by detector components leads to accumulation
of radon in the target gas which, as discussed in Section 6.1.4, can result in WIMP-
like nuclear recoils. To maintain adequate purity of the target gas, and to prevent
accumulation of radon over long periods of operation, a continuous supply of target gas
is flowed through the vacuum vessel. Reducing air contamination below 1% requires
a flow equivalent to around one vessel (3375 L) of 40 Torr gas per day. Figure 3.5
shows a schematic of the standard gas flow system3. A scroll pump is attached to the
vacuum vessel output and pumps continuously during normal operation, removing gas
3This section describes the standard gas flow system for operation with pure CS2. Recent operation
with gas mixtures has required a new gas mixing system that is described in Section 4.3.
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(a) With the front neutron shielding removed for
access.
(b) With the front neutron shielding constructed.
Orange ports in the front are areas for insertion
of neutron source.
Figure 3.4: Photos of the DRIFT-IId vacuum vessel and neutron shielding housing.
at a fixed rate determined by a needle valve. The gas is continually replenished from
a CS2 cylinder, attached to the vacuum vessel input via a mass flow controller (MFC).
The MFC, which is coupled to the pressure of the vacuum vessel, varies the flow rate
to maintain a constant pressure in the vessel. The ∼400 Torr vapour pressure of CS2 at
room temperature is sufficient to maintain flow rates of up to ∼5 times the typical flow
rate. Waste gas that is removed from the vessel is passed through a water trap that
cools and condenses the gaseous CS2, trapping >90%. The output of the water trap
is directed through a charcoal filter to absorb any remaining CS2, before the clean air
is vented to the mine. A CS2 gas monitor on the output ensures air from the charcoal
filter is free from CS2. A failure of the MFC, or exhaustion of the CS2 supply may result
in a pressure drop in the vacuum vessel during operation. This lowers the breakdown
voltage in the high-voltage MWPC readout planes, potentially leading to damage of
sensitive preamplifier electronics, or, in severe cases, breakage of the 20µm anode wires.
A low-pressure hardware cutoff is therefore installed, which kills all high-voltage systems
if pressure in the vacuum vessel falls below 39.5 Torr.
3.2.3 Detector readout electronics
Wire grouping — As described in Section 3.2.2, the fiducial area of the anode and grid
planes within the MWPC are each defined by 448 wires with a spacing of 2 mm. Since
a WIMP-induced nuclear recoil in the low-pressure gas is expected to have a maximum
length of a few mm (Section 3.3.1), the resulting ionisation track will never traverse
more than a few wires in either plane. To reduce the number of electronics channels
required for readout, every eighth wire is grouped, as shown in Figure 3.6, to produce
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Figure 3.5: Schematic diagram of the standard gas flow system. A scroll pump
attached to the vacuum vessel output operates continuously removing gas at a rate
determined by the needle valve (NV). The CS2 cylinder attached to the input supplies
the target gas at a rate determined by the mass flow controller (MFC), which is coupled
to the pressure of the vacuum vessel. Waste gas passes through a water trap followed
by a carbon trap. See text for full details.
eight readout lines per plane, where each line is connected to a total of 56 wires. The
grouping of wires means that the 0.80 m2 fiducial area of the MWPC can be read out
with only 16 channels of electronics, essential in ensuring the cost effectiveness, and
therefore scalability, of the DRIFT-II detector. The compromise of this wire grouping
is that the absolute x and y coordinates of events within the detector volume are not
known, only the ∆x and ∆y. The (x, y) position of the event, however, is not required
information.
The veto regions — the 52 outermost wires on either side of the grid plane, and the 41
wires between the guard wires and fiducial wires on either side of the anode plane —
are grouped together to form two veto channels per MWPC.
Amplification electronics — After grouping, all anode, grid, and veto lines are pro-
cessed by identical electronics, with the exception that gains on the grid channels are
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Figure 3.6: Schematic of the wire grouping in the fiducial volume of the detector.
set higher by a factor of four. Each line first passes through a Cremat CR-111 charge
sensitive preamplifier circuit [104] that converts the charge to a voltage with a scale of
0.15 V pC−1, as shown in Figure 3.7. The preamplifier circuits are mounted directly on
the acrylic frame of the MWPC, as close as possible to the wires, in order to minimise
cable distances and potential sources of signal interference.
*
**
Assume temp =20 oC, Vs =    6.1V, unloaded output
CR-111 units
Preamplification channels 1
Equivalent noise charge (ENC)*
ENC RMS 630 electrons
Equivalent noise in silicon 6 keV (FWHM)
ENC slope 3.7 elect. RMS /pF
Gain 0.15 volts /pC
Rise time ** 3 ns
Decay time constant 150 s
Unsaturated output swing volts
Maximum charge detectable per event 1.3 x108 electrons
21 pC
Output impedance 50 ohms
Power supply voltage (Vs)
maximum volts
volts
Power supply current (pos) mA
Vs =   13
Vs =   6
-3 to +3
minimum
CR-111 charge sensitive preamplifier:                 application guide
Measured with input unconnected, using Gaussian shaping amplifier with time constant =1 s.  
With a detector attached to the input, noise from the detector capacitance, leakage current, and 
dielectric losses will add to this figure.
Pulse rise time (defined as the time to attain 90% of maximum value) has a linear relationship 
with input capacitance.  Value cited in the table assumes zero added input capacitance.  To 
calculate pulse rise time for practical situations, use the equation: tr =0.11 Cd + 3 ns, where tr 
is the pulse rise time in ns, and Cd is the added capacitance (e.g. detector capacitance) in pF.
General Description
Cremat’s CR-111 is a single channel charge sensitive preamplifier module 
intended for use with various types of radiation detectors. The CR-111 is 
one of a series of four charge sensitive preamplifiers offered by Cremat, 
which differ from each other most notably by their gain. A guide to 
selecting the best charge sensitive preamplifier for your application can be 
found at our web site: http://cremat.com. As with all Cremat’s preamplifier 
modules, the CR-111 is small (less than one square inch in area), allowing 
for compact multichannel detection systems to be constructed using a 
modular design. 
Detector coupling
The CR-111 can be used either in a direct coupled (DC) mode, or an AC 
coupled mode. If the detector current exceeds 100 nA, it is recommended 
that an AC coupled mode be used to prevent the resulting DC offset of the 
preamplifier output from saturating. Low frequency detector current (e.g. 
’dark’ current, or leakage current) produces an offset in the preamplifier 
output voltage at a rate of 20 mV per nA.  The use of AC coupling also is 
useful in improving the counting rate capability of the preamplifier. A 
schematic diagram of an AC-coupled charge sensitive preamplifier 
detection circuit can be found at http://cremat.com/CSP_app_notes.htm
Package Specifications
The CR-111 circuit is contacted via an 8-pin SIP connection (0.100" 
spacing). Leads are 0.020 inches wide.  Pin 1 is marked with a white dot 
for identification.
Equivalent circuit diagram
The figure above shows a simplified equivalent circuit diagram of the   
CR-111, which is a two stage amplifier. The first stage is high gain, and 
the second stage is low gain with an emphasis on supplying sufficient 
output current to drive a terminated coaxial cable. Pin numbers 
corresponding with the CR-111 preamplifier are shown.  Rf (10 M) and 
Cf (15 pF) are the feedback resistor and capacitor respectively. 
Output waveform
Charge sensitive preamplifiers are used when radiation is detected as a 
series of pulses, resulting in brief bursts of current flowing into or out of 
the preamplifier input. Depending on the type of detector, this burst of 
current may be very brief (<1 ns) or as long as a few s. For an idealized 
detection current pulse taking the form of a delta function, the detected 
charge (time integral of the input current) will ideally take the form of a 
step function. 
The output waveform of an actual charge sensitive preamplifier will of 
course have a non-zero rise time: for the CR-111 this figure is 
approximately 3 ns. Furthermore, capacitance at the preamplifier input (i.e. 
detector capacitance) will further slow the rise time at a rate of 0.25 ns / 
pF. 
Keep in mind the output rise time will also be limited by the speed of the 
detector. For example, the detection current pulse from a CsI(Tl)/PMT 
scintillation detector has a duration of approximately a couple s, so the expected rise time of 
the charge sensitive preamplifier output will be at least that long.
The output wav f rm of the CR-111 using a capacitively-coupled fast square wave pulser at 
the input is shown below to the left. At long time domains, the output decays due to the 
discharge of the feedback capacitor through the feedback resistor, with an RC time constant 
of 150 s. This decay of the output waveform is shown below, to the right.
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Figure 3.7: Typical response to a fast square wave of the Cremat CR-111 charge
sensitive preamplifier circuit [104].
The preamplifier output then passes through a Cremat CR-200 4µs shaping amplifier
circuit [105]. This turns the slow exponential decay output of the charge amplifiers into
a Gaussian profile with a FWHM of 9.6µs and an amplitude ten times that of the input
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pulse as shown in Figure 3.8(a). The purpose of the shaping electronics is to boost the
signal-to-noise ratio and to restore the pulse to the baseline quickly to prevent signal
pileup. Though the DRIFT detector does not have high event rates, the grouping of
the wires means that long tracks, such as alphas, create a number of pulses on a single
channel in quick succession that may suffer from pileup without the baseline restoration
of the shaping amplifiers. The amplification stage would ideally be physically close to the
preamplification stage to avoid signal interference through pickup. However, the high
power output of the shaping amplifiers would result in unacceptably high temperatures
in the detector volume, so the preamplification stage is located outside the vacuum vessel.
The DRIFT collaboration is currently investigating the replacement of this section of
electronics for a less aggressive filtering solution that will more accurately preserve charge
density information of the track.
After amplification the signal is passed through an RC high-pass filter to remove low
frequency (∼50 Hz) baseline wander which is suspected to come from mains pickup.
Although this noise could in principal be removed in software afterwards, its removal
is necessary so that the pulse height trigger can function. This filter has the effect of
making the pulse bipolar, as shown in Figure 3.8(b). This not only has the undesirable
effect of reducing the amplitude of the signal, but also adds another level of pulse shape
manipulation leading to further loss of charge density information. Ways of removing
this stage of filtering are also being considered.
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Figure 1. Comparison of sample input and output pulse shapes
General Description
The CR-200 is a si gle channel shaping amplifier, intended to be used to read out 
the signals from charge sensitive preamplifiers. Gaussian shaping amplifiers (also 
known as pulse amplifiers, line r amplifiers, or spectroscopy amplifiers) accept a 
step-like input pulse and produce an output pulse shaped like a Gaussian function. 
The purposes of this are to filter much of the noise from the signal of interest and to 
provide a quickly restored baseline to allow for higher counting rates.  The CR-200 
is available in 7 diff rent shaping times: 100 ns, 250 ns, 500 ns, 1 !s, 2 !s, 4 !s, 
and 8 !s. Each has a fixed gain of 10.  If additional gain is desired, it is 
recommended that this be done with the application of an additional amplifier 
between the preamplifier and the CR-200 shaping amplifier. Cremat offers an 
evaluation board (CR-160) which includes a multi-stage variable-gain amplifier, as 
well as all necessary connectors. More information on the CR-160 evaluation board 
can be found at http://cremat.com
Definition of "Shaping Time"
The shaping time is defined as the time-equivalent of the "standard deviation" of the 
Gaussian output pulse. A simpler measurement to make in the laboratory is the full 
width of the pulse at half of it’s maximum value (FWHM). This value is greater 
than the shaping time by a factor of 2.4. For example, a Gaussian shaping amplifier 
with a shaping time of 1.0 !s would have a FWHM of 2.4 !s.
Equivalent circuit diagram
Figure 2 shows an equivalent circuit.  Pin numbers corresponding with the CR-200 
shaping amplifier are shown. Input components Cin and Rin form a differentiating 
circuit. The following circuitry consists of two Sallen and Key filters, providing 4 
poles of integration and signal gain. The numerous integration stages produce an 
output pulse that approximates a Gaussian function.
Pole/Zero Correction
The long decay time of the input pulse creates a small overshoot in the shape of the 
output pulse unless a pole/zero correction is utilized. This can be done by 
connecting a resistor (RP/Z) between pin 1 (input) and pin 2 (P/Z). This resistor is in 
parallel with the input capacitor (internal to the CR-200 circuit) and creates a ’zero’ 
in the amplifier’s transfer function which cancels the ’pole’ created by the charge 
sensitive preamplifier’s feedback resistor. To achieve proper pole/zero cancellation, 
RP/Z should be selected to be equal to Rf*Cf/Cin where Rf and Cf are the feedback 
resistor and feedback capacitor of the charge sensitive preamplifier and Cin is the 
value of the input capacitor in the CR-200. The value of Cin for the CR-200 circuit 
can be found in the provided table. 
Keep in mind that adding RP/Z will likely affect the DC offset of the shaping 
amplifier output. This is because RP/Z directly couples the DC offset from the 
charge sensitive preamplifier output into the shaping amplifier input. Some fraction 
of this DC offset is amplified along with the pulse. It is recommended that 
instrumentation which includes the CR-200 include a DC offset adjustment to be 
used to correct for this. An example of this can be found in the design of the CR-
160 evaluation board found here: http://www.cremat.com/CR-160schematic.pdf .
You may wish to realize RP/Z as a potentiometer so to adjust the value precisely. 
The effect of RP/Z on the pulse shape can be seen in the pulse waveforms shown in 
Figure 3.
Baseline Restoration (BLR)
The CR-200 does not contain active baseline restoration circuitry. For this reason 
there will be a negative ’baseline shift’ (change in the output DC offset) at high 
counting rates. In order to determine whether this will be a problem for your 
application, use the equation (valid for small baseline shifts):
S/H = R * " * 2.5 x10-6 
where S is the negative baseline shift, H is the pulse height, R is the count rate 
(counts/sec), and " is the shaping time of the shaping amplifier (in !s).  For 
example, using a 1 !s shaping amplifier we would predict a 0.025 (2.5%) shift in 
the baseline at a count rate of 10,000 counts per second.
The simplest solution to this possible problem is to implement a bipolar shape to 
the signals. Bipolar shaping is not susceptible to baseline offset shifts with 
increasing count rate. This can be easily done by differentiating the Gaussian output 
pulse using a ’C-R’ filter. An example of this is shown in Figure 4. Suggested values 
for Cout and Rout are provided in the table presented on the following page. Keep in 
mind that making the pulse bipolar in this way will reduce the amplitude to less 
than half the original pulse height and reduce the width to half its previous value.
Package Specifications
The CR-200 circuit is contacted via an 8-pin SIP connection (0.100" spacing).  Pin 
1 is marked with a white dot for identification.
 
Typical Application
Figure 6 shows the CR-200 in a typical application, coupled to a detector via a CR-
110 charge sensitive preamplifier. Depending on the requirements of your 
application, an AC-coupled amplifier may be added between the preamplifier and 
shaping amplifier to further increase the signal size.
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General Description
The CR-200 is a single channel shaping amplifier, intended to be used to read out 
the signals from charge sensitive preamplifiers. Gaussian shaping amplifiers (also 
known as pulse amplifiers, linear amplifiers, or spectroscopy amplifiers) accept a 
step-like input pulse and produce an output pulse shaped like a Gaussian function. 
The purposes of this are to filter much of the noise from the signal of interest and to 
provide a quickly restored baseline to allow for higher counting rates.  The CR-200 
is available in 7 different shaping times: 100 ns, 250 ns, 500 ns, 1 !s, 2 !s, 4 !s, 
and 8 !s. Each has a fixed gain of 10.  If additional gain is desired, it is 
recommended that this be done with the application of an additional amplifier 
between the preamplifier and the CR-200 shaping amplifier. Cremat offers an 
evaluation board (CR-160) which includes a multi-stage variable-gain amplifier, as 
well as all necessary connectors. More information on the CR-160 evaluation board 
can be found at http://cremat.com
Definition of "Shaping Time"
The shaping time is defined as the time-equivalent of the "standard deviation" of the 
Gaussian output pulse. A simpler measurement to make in the laboratory is the full 
width of the pulse at half of it’s maximum value (FWHM). This value is greater 
than the shaping time by a factor of 2.4. For example, a Gaussian shaping amplifier 
with a shaping time of 1.0 !s would have a FWHM of 2.4 !s.
Equivalent circuit diagram
Figure 2 shows an equivalent circuit.  Pin numbers corresponding with the CR-200 
shaping amplifier are shown. Input components Cin and Rin form a differentiating 
circuit. The following circuitry consists of two Sallen and Key filters, provid ng 4 
poles of integration and signal gain. The numerous integration stages produce an 
output pulse that approximates a Gaussian function.
Pole/Zero Correction
The long decay time of the input pulse creates a small overshoot in the shape of the 
output pulse unless a pole/zero correction is utilized. This can be done by 
connecting a resistor (RP/Z) between pin 1 (input) and pin 2 (P/Z). This resistor is in 
parallel with the input capacitor (internal to the CR-200 circuit) and creates a ’zero’ 
in the amplifier’s transfer function which cancels the ’pole’ created by the charge 
sensitive preamplifier’s feedback resistor. To achieve proper pole/zero cancellation, 
RP/Z should be selected to be equal to Rf*Cf/Cin where Rf and Cf are the feedback 
resistor and feedback capacitor of the charge sensitive preamplifier and Cin is the 
value of the input capacitor in the CR-200. The value of Cin for the CR-200 circuit 
can be found in the provided table. 
Keep in mind that adding RP/Z will likely affect the DC offset of the shaping 
amplifier output. This is because RP/Z directly couples the DC offset from the 
charge sensitive preamplifier output into the shaping amplifier inpu . Some fraction 
of this DC offset is amplified along with the pulse. It is recommended that 
instrumentation which includes the CR-200 include a DC offset adjustment to be 
used to correct for this. An example of this can be found in the design of the CR-
160 evaluation board found here: http://www.cremat.com/CR-160schematic.pdf .
You may wish to realize RP/Z as a potentiometer so to adjust the value precisely. 
The effect of RP/Z on the pulse shape can be seen in the pulse waveforms shown in 
Figure 3.
Bas line Restoration (BLR)
The CR-200 does not contain active baseline restoration circuitry. For this reason 
there will be a negative ’baseline shift’ (change in the output DC offset) at high 
counting rates. In order to determine whether this will be a problem for your 
application, use the equation (valid for small baseline shifts):
S/H = R * " * 2.5 x10-6 
where S i  the n gative baseline shift, H is the pulse heig t, R is the count rate 
(counts/sec), and " is the shaping time of the shaping amplifier (in !s).  For 
example, using a 1 !s shaping amplifier we would predict a 0.025 (2.5%) shift in 
the baseline at a count rate of 10,000 counts per second.
The simplest solut on to this possible problem is to implemen  a b polar shape to 
the signals. Bipolar shaping i not su ceptible to baseline offset shifts with 
increasing count rate. This can be easily done by diff rentiating the Gaussian output 
pulse using a ’C-R’ filter. An example of this is shown in Figure 4. Suggested values 
for Cout and Rout are provided in the table presented on the following page. Keep in 
mind that aking the pulse bipolar in this way will reduce the amplitude to less 
than half the original pulse height and reduce the width to half its previous value.
Package Specifications
The CR-200 circuit is contacted via an 8-pin SIP onnecti n (0.100" p cing).  Pin 
1 is marked with a white dot for identification.
 
Typical Application
Figure 6 shows the CR-200 in a typical application, coupled to a detector via a CR-
110 charge sensitive preamplifier. Depending on the requirements of your 
application, an AC-coupled amplifier may be added between the preamplifier and 
shaping amplifier to further increase the signal size.
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Figure 3.8: Response of pulse shaping electronics to the output of the preamplifier.
Data acquisition system — DRIFT-IId has two separate data acquisition (DAQ)
systems. The slow DAQ system is used to monitor slowly changing environmental
measurements such as the laboratory temperature, the vacuum vessel pressure and the
currents and voltages of the high-voltage system. Each of the environmental monitoring
devices outputs a voltage proportional to its reading that is recorded every ∼10 seconds
using an Agilent 34970A data acquisition unit [106]. The slow DAQ runs continuously,
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recording information crucial for real-time monitoring of detector stability, as well as
information that may need to be considered later in data analysis.
The fast DAQ system consists of nine 4-channel 12-bit 1 MHz digitisation units that
process the 36 signal channels of the two MWPC readout planes. The DAQ has no
hardware trigger and all channels are digitised continuously during operation. A software
trigger is implemented so waveforms are only recorded from the buffer to hard disk if
the anode sum line crosses a predetermined voltage threshold. The software triggering
system enables thresholds to be set remotely and allows thresholds to be automatically
adjusted for different run modes. The collaboration is currently commissioning a new
DAQ with increased computing power that will enabling a significant amount of digital
signal processing, such as noise removal techniques, to be performed on-the-fly. The new
DAQ will allow the replacement of some of the aggressive hardware filtering with digital
software filtering, which will both simplify the detector hardware, and potentially result
in improved preservation of track charge density information.
3.2.4 The DRIFT-II event file
Figure 3.9 shows a typical DRIFT-II event file containing a 10µs duration (3µs pre-
trigger, 7µs post-trigger) of the 36 digitised waveforms (left and right MWPCs, each
containing 8 anode fiducial lines, 1 anode veto line, 8 grid fiducial lines, and 1 grid veto
line). Waveforms are sampled at 1 MHz so each line consists of 10000 12-bit integers.
The event file is separated into two plots with the left and right plots containing the
waveforms of the left and right MWPC respectively.
For each MWPC, 21 lines are plotted on a mV scale each with an arbitrary offset applied
to each channel for visualisation. The lines are identified with labels on the right-hand
side of each plot with the prefixes L and R corresponding to left and right MWPC
respectively. A1 through A8 correspond to the anode fiducial lines. AS is the anode
sum line — a virtual line produced by adding waveforms A1 through A8. VG and VA are
the grid veto line and anode veto line respectively and VS is the virtual sum of VG and
VA waveforms. An important consideration of the DRIFT-II event files is that anode
waveforms are always shown inverted. This results in avalanches in the MWPC, which
deposit negative charge on anode wires and positive charge on grid wires, producing
positive going pulses on both anode lines and grid lines.
A typical neutron-induced nuclear recoil track can be seen in the lines of the right-
hand side MWPC. The event results in charge on primarily two anode lines (RA3 and
RA4) and two grid lines (RG1 and RG2). Vertical black markers on these lines, and
on the anode sum line, indicate that these lines contain voltage samples that have
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Figure 3.9: A typical DRIFT-II event file containing a neutron-induced nuclear recoil
track. Only 700µs of the 10000µs event file is plotted. DAQ trigger time is Time = 0.
Left and right plots correspond to left and right MWPC respectively. Waveform labels
correspond to the line identity: L and R are left and right MWPC respectively, G1
to G8 correspond to the grid fiducial lines and VG the grid veto line. Similarly A1
to A8 correspond to the anode fiducial lines and VA the anode veto. GS, AS and VS
correspond to the virtual sum of the eight grid fiducial lines, sum of the eight anode
lines and sum of the two veto lines respectively. Anode waveforms are inverted so that
charge depositions (which are negative on anode wires, positive on grid wires) appear
as positive going pulses on all lines. See text for further details.
crossed the analysis threshold and the lines contain hits that have been parameterised.
Parameterisation of events is discussed in detail in Section 5.3.1. Each signal line in the
plot (except the sum lines) has four numbers above it corresponding to parameterisation
of hits on that line. These indicate, from left to right, waveform parameters eventNips,
eventSumNips, ffwhm and risetime, definitions of which are given in Section 5.3.1.
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3.3 Track production and readout in DRIFT
3.3.1 Track production
Ionisation — At energies relevant to dark matter detection, particles may transfer en-
ergy to the target medium via two mechanisms: the nuclear channel — through collisions
with the nuclei of the medium, and the electronic channel — through electromagnetic
interactions with the atomic electrons in the medium.
The number of ion pairs (NIPs) liberated in an interaction is dependent on the energy
and type of interaction that caused it. In an event that occurs entirely through the elec-
tronic channel, e.g. an electron recoil from a gamma-ray interaction, the NIPs produced
is directly proportional to the energy E of the ionising particle, and is given by
NIPs =
E
W
(3.1)
where W is the W-value, defined as the average energy required to create a single ion
pair. The W-value is a property of the target gas and must be measured experimentally.
The W-value for CS2 is 24.9±0.8 eV [107].
For events in which energy is lost through both the electronic and the nuclear channels,
such as nuclear recoils, the NIPs produced is not directly proportional to the energy of
the ionising particle, and is instead given by
NIPs = Q(E) · E
W
(3.2)
where Q(E) is the ionisation quenching factor. Q(E) is dependent on both the energy
of the charged particle, and the medium through which it is travelling. Figure 3.10
shows the quenching factors of carbon and sulphur nuclear recoils in CS2 from analytical
calculations and from measurement and simulations [108].
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Figure 3.10: Quenching factors of carbon and sulphur recoils. Lines indicate estimates
calculated by Hitachi et al. [108]. Solid lines: C recoils in C (green) and S recoils in S
(red). Dot-dashed lines: C recoils in S (green) and S recoils in C (red). Blue lines are
estimated quenching factors for heavy Pb ions in CS2. Filled circles indicate results
from measurement and part simulation performed by Snowden-Ifft et al. [109]: C in
CS2 (green) and S in CS2 (red). Plot from Hitachi [108].
Range — The total ionisation produced in an event is distributed over the range of
the track. The track range depends on the target medium, and the energy and type
of particle. As illustrated in Figure 3.11, the range, if measured in conjunction with
energy, offers a powerful method of particle identification. Low mass electrons, have
ranges much longer than nuclei of the same energy, and similarly, alpha particles have
a larger range than carbon and sulphur nuclear recoils. It is the significant difference in
range between recoiling nuclei and recoiling electrons of the same energy that proves an
extremely effective method of discriminating electron recoils from nuclear recoils in the
DRIFT detectors.
Chapter 3. The DRIFT directional dark matter detector 66
Ranges in 40 Torr CS2
Energy (keV)
R
an
ge
 (m
m)
0 50 100 150 200
1e
−0
1
1e
+0
0
1e
+0
1
1e
+0
2
1e
+0
3
1e
+0
4
Electron
Alpha
Carbon
Sulphur
Figure 3.11: Simulated ranges of electrons, alphas, and carbon and sulphur nuclei
in 40 Torr CS2. Electron ranges simulated using ESTAR [110]. Ion ranges simulated
using SRIM [111].
dE/dx — As illustrated in Figure 3.12 the average energy loss per unit length in the
target (dE/dx) is dependent on the energy of the particle and is therefore not constant
over the length of the track. This has the important consequence, for a directional dark
matter detector, that it leads to a potential asymmetry in the ionisation track that may
enable the full vector direction of the track to be determined. The energy dependence of
dE/dx in the detectable electronic channel depends on the type of particle. In general
the heavier the incident particle, the higher the point in energy where the nuclear channel
begins to dominate over the electronic channel. Thus, as shown in Figure 3.12(a), for a
typical ∼MeV background alpha interaction in 40 Torr CS2 a large head-tail asymmetry
is observed. However, as shown in Figure 3.12(b), a ∼100 keV sulphur recoil, that might
be expected from a WIMP-nucleus interaction, is below the peak of the electronic dE/dx,
making it more difficult to resolve any head-tail asymmetry.
3.3.2 Track drifting and diffusion
Immediately after an ionising interaction in the DRIFT detector volume there exists a
track of liberated ionisation electrons and corresponding positive ions. The total number
and distribution of ion pairs in the track contains information on the type of interacting
particle, its energy, and the direction in which it was travelling. Directional detectors,
such as DRIFT, aim to extract as much of this information, as accurately as possible.
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(a) dE/dx for an alpha particle in 40 Torr CS2.
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Figure 3.12: Electronic (blue) and nuclear (red) dE/dx values calculated using
SRIM [111].
The constant electric field throughout the target volume drifts the ion pairs apart, min-
imising the amount of recombination of ionisation electrons with positive ions, which
would reduce the observed ionisation. Due to the relatively high electronegativity of
the CS2 target gas in the DRIFT detectors, electron attachment, the attaching of each
ionisation electron to a neutral target gas atom, occurs almost immediately. This hap-
pens before any measurable diffusion of the ionisation electrons [112], leaving a track of
approximately equal numbers of negative and positive CS2 ions. The positive ions, from
which the ionisation electrons were liberated, drift to the central cathode plane. Since
there is no charge readout instrumentation on the central cathode plane, the positive
ions are lost. The negative CS2 ions drift, whist maintaining the structure of the track
due to the constant electric field throughout the drift volume, towards the readout plane,
where they are detected.
Drift velocity — From the constant electric field in the target volume, negative ions
experience a force that accelerates them towards the MWPC. This acceleration is coun-
tered by a resistive force from collisions with the target gas molecules such that ions
travel at a constant drift velocity. The drift velocity is dependent on the strength of
the electric field, the number density of molecules in the gas, and the interaction cross-
section. The drift velocity is given by
vdrift =
µE
p
(3.3)
where µ is the reduced mobility, an experimentally determined gas constant that contains
information on nuclear cross-sections and number density. The drift velocity in DRIFT-
IId is typically ∼60 m s−1 [113].
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Diffusion — The random collisions encountered as negative CS2 ions drift from the
point of interaction to the MWPC readout plane also cause a point-like charge distri-
bution to diffuse into a ‘cloud’ of charge. In the simplified case of the diffusion being
equal in all dimensions this charge ‘cloud’ has a Gaussian density distribution. The dif-
fusion width, the standard deviation of this distribution for a point-like charge drifting
a distance of L in an electric field E, can be expressed as [114]
σ =
√
4L
3eE
(3.4)
where e is the electronic charge and  is the energy of the diffusing body. Assuming that
the body has only thermal energy, i.e.
 =
3
2
kBT (3.5)
at temperature T , Equation 3.4 becomes
σ =
√
2kBTL
eE
. (3.6)
Measurements of σ in pure CS2, as well as other CS2 mixtures relevant to DRIFT, have
shown that diffusion of negative CS2 ions is consistent with thermal diffusion [94, 112]. In
DRIFT-IId, with a maximum drift distance of 50 cm and an electric field of ∼550 V cm−1,
this leads to a maximum diffusion of ∼0.6 mm, in comparison with expected WIMP-
induced nuclear recoil ranges on the order of a few mm. This estimate demonstrates a
limit on the potential for track reconstruction precision and provides an approximate
upper limit on the useful position resolution of the detector readout plane.
There are a number of additional effects that may reduce the precision with which the
original recoil track can be reconstructed. As the electron drift velocity is a factor of
∼1000 greater than the CS2 ion drift velocity, the diffusion in the direction of the drift
field σz may be increased beyond thermal diffusion by the finite taken for ionisation
electrons to attach to the CS2 ions. For currently used gas mixtures, this has been
measured and has negligible effects [112]. Anisochronicity effects may also increase the
measured σz. Figure 3.13 shows simulated field lines from the DRIFT detector target
volume to the anode wires of an MWPC. As described in the figure caption, tracks with
the same ∆z can produce a range of ∆t values due to the difference in path lengths
taken as the positive ions pass follow the field lines. This leads to a range of possible
measured ∆z values for a given track, depending on position in the detector volume,
that lead to an uncertainty of ∼0.3 mm in the z range [115].
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Figure 3.11: A Garfield simulation of the electrostatic drift lines from the fiducial
volume to an anode wire. See text for full details.
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Figure 3.13: Drift lines from the drift volume to the anode wires of the MWPC. Two
tracks of the same ∆z are shown in black. Track b) passes directly between grid wires
to the anode wires and the true ∆z is determined from the drift velocity. For track a)
the outer ions travel a longer distance arriving at the anode at a later time, increasing
the measured ∆z. Plot adapted from Muna [115].
3.3.3 Charge multiplication
The anode wires in the MWPC have a radius that is small compared to the inter-wire
spacing. As shown in Figure 3.14(b) this results in a strong coaxial electric field close
to the wires such that each wire behaves as a single wire proportional counter [114].
Inside the MWPC plane the ion travels along the field lines towards the nearest anode
wire. At a distance of a few tens of µm from the anode wire, the field is of sufficient
strength to strip the electron from the negative CS2 ion [116]. The freed electron con-
tinues to accelerate to a point where it has sufficient energy to free further electrons via
collisions with CS2 atoms. These electrons then accelerate and liberate further electrons
creating an exponential multiplication of charge. This process, known as the avalanche
effect, results in a single electron creating a large number of localised free electrons
surrounding the anode wire. The number of electrons resulting from a single electron
entering the MWPC is called the gas gain and, for the DRIFT detector, is of order 1000.
Assuming a single negative ion entering the MWPC, and a gas gain of 103, the electron
avalanche results in 1000 electrons collected on the anode wire and a cloud of positive
ions close to the surface of the wire that form a tear shape as seen in Figure 3.15 [116].
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The cloud of electrons is collected at the avalanche wire on a time scale of ∼ns [116], but
the presence of the positive ions in the vicinity of the wire induces an opposing charge
on the wire that initially cancels the signal from charge collection.
(a) Field lines remain parallel except within imme-
diate vicinity of anode wires.
(b) Coaxial field lines form close to the anode
wires.
Figure 3.14: Electric field equipotentials and field lines within an MWPC readout
plane with anode wires of diameter 20µm and spacing of 2 mm. Images from Sauli [116].
Figure 3.15: Evolution of charge in the vicinity of the anode wire. Anode wires are
grounded, with positive potential relative to the surrounding −3 kV grid wires (not
pictured). a–d occur within approximately one wire radius and on a ∼ns timescale.
Signal induction occurs from e. Images from Sauli [116].
3.4 Response of MWPCs to spark-like events
During development of the DRIFT data reduction procedure, a class of spark-like events
were discovered that appear to contradict the model established within DRIFT for the
Chapter 3. The DRIFT directional dark matter detector 71
signal induction in the MWPC. Although the dynamics of signal induction in the MWPC
plane is complex, and likely requires simulation for a complete understanding, this sec-
tion uses the spark-like events to discuss charge induction mechanisms and the possible
consequences for DRIFT.
3.4.1 Identifying spark-like events
Figure 3.16(a) shows an event, identified during analysis, in which there is a large, fast
pulse on a single anode wire. The full width at half maximum (FWHM) of the anode
pulse is 10µs, consistent with the shaping time of the Gaussian shaping amplifiers [105].
This implies that the input to the shaping amplifiers was an approximate step-function,
which in turn implies a fast, spark-like charge deposition recorded by the charge pream-
plifiers (see Section 3.2.3). Figure 3.16(b) shows a typical neutron event for comparison.
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(a) A typical spark-like event on the left MWPC
from a background run.
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(b) A typical nuclear recoil event on the left
MWPC from neutron run.
Figure 3.16: Comparison of a spark-like event compared to a typical nuclear recoil
event. Recall that all anode lines are inverted, so that positive voltage indicates negative
charge on the anode lines. See Section 3.2.4 for a full description of the event file.
The spark-like event has some interesting features. Firstly, it can be seen that there is
a similarly fast pulse that occurs on a single grid line, but which appears much later
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in time, ∼40µs after the trigger time. In addition, distinct signals can be seen on all
other fiducial lines (both anode and grid) beginning at the time of the anode spike and
ending at the time of the grid spike. This is seen most clearly on the anode and grid sum
lines. These events are typically rejected in early analysis stages (as the fast signal is
easily identifiable as being incompatible with nuclear recoil events), but removing some
standard WIMP cuts reveals a significant number of these spark-like events with almost
identical form. In each event a clear separation of ∼40µs between the anode and grid
spikes is observed.
The ∼550 V cm−1 drift field throughout the detector target volume produces a constant
ion drift velocity of 5940 cm s−1 [97]. Assuming the drift velocity remains directly pro-
portional to the field strength, the drift field within the MWPC of ∼2730 V cm−1 results
in an ion drift velocity of ∼29500 cm s−1. This corresponds to a time of ∼34µs for CS2
ions to drift from the anode plane to the grid plane. This is sufficiently close to the time
separation of the anode and grid spikes to suggest that the separation is caused by the
time taken for positive ions, liberated during avalanche at the anode wire, to drift to
the grid wire. This effect is significantly less visible in nuclear recoil events, due to the
finite extent of the ionisation track.
3.4.2 Qualitative analysis of spark-like events
The spark-like events from localised charge depositions are useful for investigating the
signal induction mechanisms within the MWPC that may be hidden in nuclear recoil
tracks by the extent of the ionisation track.
Figure 3.17(a) plots the anode fiducial lines only, with no voltage offset, from the spark-
like event seen in Figure 3.16(a). Figure 3.17(b) similarly plots the grid fiducial lines
with no voltage offset. These plots, characteristically of the spark-like event population,
show that for both the anode and the grid lines, the seven lines without the main
spike demonstrate a very similar pulse shape. For the purposes of gaining a qualitative
understanding of these events, all lines without the main hit were averaged to a single
line to improve signal-to-noise and reveal the underlying form. Each spark-like event is
thus summarised by 4 lines, as shown in Figure 3.18: the anode hit line (LA4, in this
case), the grid hit line (LG3, in this case), the average of the remaining anode lines,
and the average of the remaining grid lines. A large number of spark-like events were
individually studied in this way. All were found to be of the same form and represented
well by the single event characterised by Figure 3.18. This event will be used to consider
the signal induction process within the MWPC readout plane.
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(a) Anode fiducial lines from Figure 3.16 with no voltage offset.
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(b) Grid fiducial lines from Figure 3.16 with no voltage offset.
Figure 3.17: Grid and anode lines of a typical spark-like event. Legend contains the
integrated voltage between −10 and 60µs for each line.
The anode wire on which the avalanche occurs is first considered. This wire is repre-
sented by the single triggered anode line, shown by the blue waveform in Figure 3.18(a).
The avalanche results in the deposition of negative charge on the anode wire, but simul-
taneously creates a cloud of positive ions close to the surface of the anode wire. The
positive ions induce polarisation of the anode wire, which, for the ∼ns timescale whilst
the positive ions are still very close to the anode wire, cancels the deposited negative
charge. As the positive ions drift away, the polarisation of the anode wire is reduced.
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Figure 3.18: Comparison of the direct hit to the average induced signal on anode
lines (blue) and grid lines (red). Unlike all other event plots, in these plots the anode
signal has not been inverted so negative voltage corresponds to negative charge.
There is no longer cancellation of the deposited negative charge, and a negative charge
pulse on the anode wire results. The shape of this pulse is due to the combined effect
of the dynamics of the positive ion cloud drifting from the anode wire, and the response
of the charge readout electronics to the deposited charge. The fast movement of the
positive ion cloud relative to the electronics response time means that the main pulse
shape is dominated by the 4µs shaping time of the shaping amplifiers.
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The grid wire that receives the localised positive ion cloud is considered next. This
wire is represented by the single triggered grid line, shown by the red waveform in
Figure 3.18(a). The positive charge cloud drifts across the MWPC approaching one of
the grid wires. As it approaches, the grid wire becomes increasingly polarised, with
negative polarisation charge accumulating on the wire in proximity to the approaching
positive ions producing a net positive charge on the grid wire readout. Once the positive
charge arrives at the grid wire, it combines with the polarisation electrons, leaving net
positive charge at the readout electronics. This positive charge quickly dissipates once
the positive ions have gone.
Finally, the neighbouring anode and grid wires are considered. The neighbouring wires
are represented by the average of the seven untriggered anode lines (the blue waveform
in Figure 3.18(b)) and the average of the seven untriggered grid lines (the red waveform
in Figure 3.18(b)). There is no direct charge deposition on these wires. There are,
however, two competing polarisation effects: first, there is negative polarisation of the
neighbouring wires due to attraction to the positive ion cloud — this results in a positive
charge at the readout; second, there is positive polarisation of the neighbouring wires
due to attraction to the negative anode wire system on which the avalanche occurred4 —
this results in a negative charge at the readout. The dominant polarisation component
changes as the positive ion cloud drifts between the anode and grid plane resulting in
the bipolar signals seen in Figure 3.18(b).
3.4.3 Consequences for DRIFT
These explanations are consistent with some preliminary signal induction simulations,
performed previously within collaboration [117]. A full simulation, containing all fields
and electronics effects, is likely required to fully understand all of these effects. Without
this full simulation, however, some useful conclusions are made, which have a bearing
on analysis.
The study of spark-like events shows that the response to grid wires is a positive going
induced pulse on all grid wires from the time of the avalanche at the anode wire, followed
by a larger positive pulse on a single grid wire at the time of the positive ions arriving at
a given wire. This separation of induced and direct charge differs from the Gaussian dis-
tribution of charge across all grid lines currently used to model the grid response [118].
4The negative charge on the anode avalanche wire will redistribute to the anode wire system, which
consists of the 55 other grouped anode wires and the capacitor coupling the wire to the integrating
electronics.
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This may explain discrepancies seen between simulation and data in Section 7.1.2, sug-
gesting a modification to the standard DRIFT simulation to improve signal induction
effects. This is the subject of ongoing discussions within the collaboration.
In addition, the identification of separation of induced charge and direct charge in the
grid signals may have consequences for reconstruction of the ∆y component of track
range, which can not currently be determined accurately. For example, in the neutron
event in Figure 3.16 the grid pulses on lines LG1, LG2 and LG3, appear to have larger
pulses that peak later in time than the pulses on the rest of the grid wires. This implies
that these lines received the bulk of the direct charge suggesting a track ∆y of ∼6 mm.
Preliminary attempts to separate the direct charge from the induced component in
nuclear recoil events for ∆y measurements resulted in some success only with selected
neutron events. It is likely that improvement of the signal-to-noise ratio on the grid lines
is required for these methods to yield significant improvements in track reconstruction.
3.5 In situ measurements of gas mobility
3.5.1 Drift time measurements
The spark-like events identified above present a way of measuring the drift velocity of
CS2 ions within the MWPC, from the difference in time between the spikes on the trig-
gered anode line and the triggered grid line. These events are relatively infrequent (∼1
event per hour) so a significant livetime is required for reasonable statistical precision.
Descriptions of datasets for four different detector configurations are given in Table 3.1.
CS2-CF4
(Torr)
E
(V cm−1)
Livetime
(days)
Number
of events
Dates
30-10 2731 27.1 634 2009/12/16–2010/01/28
42-00 2884 25.6 190 2008/09/25–2009/02/11
41-00 2884 24.3 359 2008/04/18–2008/05/14
40-00 2884 22.3 386 2008/02/01–2008/04/15
Table 3.1: Descriptions of datasets used for positive ion drift time measurements.
First column is the target gas mixture, second is the electric field within the MWPC
plane.
To preferentially select spark-like events the standard WIMP event selection criteria
was adapted for selection of spark-like events. Stages 1 and 2 of the standard WIMP
cuts, described in detail in Section 5.3, are applied to remove events that are not fully
contained within the fiducial volume, alpha events, and other anomalous unphysical
events. Following this two additional cuts were performed. First, the anode pulse was
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required to have an RMST of less than 5µs, thus selecting only events consistent with
the 4µs shaping time of the amplifiers. Second, the largest grid wire amplitude was
required to be at least 4 times larger than the second largest, ensuring that the majority
of the positive ions liberated in the avalanche are received by a single grid wire.
In order to determine the time separation between the anode pulse and the grid pulse
a Gaussian fit was performed to each, as shown in Figure 3.19(a). The separation in
time ∆t was defined as the distance between the means of these two fits and this was
taken as the drift time of the positive ion cloud from the anode wire to the grid wire.
∆t measurements were made for all events that passed the cuts described above and a
histogram of drift times is produced for each MWPC separately. Figure 3.19(b) shows a
histogram of ∆t values on the right-hand side MWPC for 22.3 days livetime with 40 Torr
CS2. A Gaussian is fit to the histogram to determine the mean ion drift velocity.
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(a) Measurement of ∆t from Gaussian fits to trig-
gered anode line (blue) and triggered grid line
(red). ∆t of this event is 40.47µs.
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(b) Mean ∆t determined from Gaussian fit of all
∆t measurements for 40 Torr CS2. Mean ∆t is
41.33± 0.02.
Figure 3.19: Separation of anode and grid pulses in spark-like events in 30-10 Torr
CS2-CF4.
3.5.2 Drift time results
Table 3.2 shows measurements of the anode pulse to grid pulse separation (∆t) for four
different detector configurations. The errors shown in Table 3.2 include statistical uncer-
tainties and the following estimated systematic errors: 1% uncertainty in the anode-grid
wire plane separation from the MWPC construction precision; 1% uncertainty in the
output of the high-voltage power supplies; 0.5% uncertainty in the target gas pressure.
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It is apparent, from the measured ∆t values in Table 3.2, that there are additional
systematic uncertainties that have not been accounted for. First, since vdrift ∝ p (Equa-
tion 3.3), the time taken for positive ions to drift between the anode and grid wires,
∆t, is expected to increase by ∼2.5% between the pure CS2 runs of pressure 40, 41 and
42 Torr. This increase is not observed. In addition, since the two MWPCs share the
same target gas, the drift time measurements should be the same in each MWPC. This
is also not observed, with varying discrepancies between the left and right MWPC.
CS2-CF4 left ∆t (µs) left µ right ∆t (µs) right µ
30-10 37.65±0.66 0.512±0.009 41.33±0.64 0.466±0.007
42-00 41.64±0.65 0.460±0.007 42.72±0.69 0.449±0.007
41-00 41.90±0.66 0.447±0.008 44.97±0.69 0.417±0.009
40-00 40.64±0.64 0.449±0.007 43.11±0.68 0.423±0.007
Table 3.2: Separation of anode and grid pulses in spark-like events for different gas
mixtures. Reduced mobility measurements (µ) in units of cm2 atm V−1 s−1. Errors
include statistical error and estimated systemic errors. See text for details.
Figure 3.20 shows the ∆t measurements in Figure 3.19(b) plotted as a function of time,
where the measured ∆t is seen to vary over time. Although the slow control data reveals
slight deviations in temperature and voltages during this time, no factors large enough
to account for the ∼3% changes in ∆t are found. Whilst the underlying cause has
not yet been determined, it is clear there are some experimental conditions that are
producing variations in the drift time measurement over time, of at least ∼3%, that
limit the precision of these measurements.
Nonetheless, using Equation 3.3 and the measured drift time, reduced mobility values
are calculated for each dataset. These are also shown in Table 3.2. Taking a mean
of the measured values for each target gas, results in measured reduced mobilities of
0.44 ± 0.02 and 0.49 ± 0.03 cm2 atm V−1 s−1 for pure CS2 and a 30-10 CS2-CF4 gas
mixture respectively.
3.5.3 Comparison with existing measurements, and conclusions
Table 3.3 compares these results with previously measured reduced mobility values in
CS2 and CS2-CF4 gas mixtures. The table shows that two previous measurements
within the DRIFT collaboration, using different experimental setups, have measured
a significantly higher reduced mobility for these gas mixtures. The difference between
the 40 Torr CS2 and the 30-10 CS2-CF4 measurements, however, is compatible. These
results suggest further unaccounted-for systematic effects in the method detailed in
Section 3.5.1. It is noted, however, that the pure CS2 measurement presented here
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Separation time, 30:10 Torr CS2:CF4, Right MWPC (#6)
Days since 01 Jan 2005
∆t
 
(µs
)
1810 1820 1830 1840 1850 1860
38
39
40
41
42
43
44
45
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
Figure 3.20: The ∆t measurements in Figure 3.19(b) plotted as a function of time.
The red curve shows the data smoothed revealing a ∆t that is drifting over time.
is in agreement with a recently published mobility measurement from outside of the
collaboration [119], adding further uncertainty to the situation.
Drift velocity measurements are crucial for accurate determination of the z component
of the track range. Despite remaining uncertainties, a method has been presented that
demonstrates the potential for continuous direct in situ measurements of the drift veloc-
ity in the DRIFT-IId detector. The method has revealed variations over time in the drift
velocity, demonstrating the merit of continuous in situ monitoring of the drift velocity
in DRIFT.
CS2-CF4
(Torr)
Reduced
mobility µ
µ
(Pushkin [107])
µ
(Gauvreau [112])
µ (Dion [119])
40-00 0.44±0.02 0.54±0.02 0.51±0.01 0.46±0.01
30-10 0.49±0.03 0.60±0.02 0.57±0.01 —
20-20 — 0.69±0.02 0.67±0.01 —
10-30 — 0.81±0.03 0.76±0.01 —
Table 3.3: Reduced mobility measurements (µ) in units of cm2 atm V−1 s−1 presented
in Section 3.5.2 compared to previous measurements from dedicated experiments. Sec-
ond and third column contain measurements from the DRIFT collaboration with a
single wire proportional counter experiment [107] and a small TPC with MWPC read-
out [112] respectively. Fourth column contains measurements from a small TPC and
micro-well detector [119].

Chapter 4
Development of spin-dependent
CF4 target for DRIFT-IId
This chapter discusses spin-dependent WIMPs and the motivations for adapting the
DRIFT detector for sensitivity to SD WIMP interactions. The addition of CF4 gas to
the current CS2 target to achieve this sensitivity is considered. Results from a number
of preliminary measurements on CS2-CF4 gas mixtures, and their consequences for the
DRIFT detector are discussed.
In Section 4.2, results are presented from the first measurements, performed by the
author in collaboration with Occidental College, from gas mixtures in a full-scale 1 m3
DRIFT-II detector. 55Fe and neutron calibrations are presented. The author led the
design, construction and commissioning of a new gas mixing system, required for long
term operation of gas mixtures in DRIFT and this is presented in Section 4.3. Finally,
in Section 4.4, results are presented of the long-term stability monitoring of the new gas
mixing system since installation at the Boulby Underground Laboratory.
4.1 Spin-dependent WIMPs
4.1.1 Spin-dependent vs spin-independent
WIMPs may interact with nuclei through spin-independent (SI) coupling, in which the
WIMP interacts with the mass of the nucleus, or via spin-dependent (SD) coupling, in
which the WIMP couples to the nuclear spin J (see Section 2.1.6).
Direct dark matter searches have typically focused on the search for SI WIMP-nucleus
interactions. One reason for this is the ability to probe lower cross-sections due to the A2
81
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enhancement of the WIMP-nucleus cross-section relative to the WIMP-nucleon cross-
section. In addition, the majority of techniques suitable for low energy, low background
nuclear recoil detection use target materials that have no unpaired nucleons, making it
more attractive to focus on SI interactions. Figure 4.1 shows the current leading experi-
mental limits on the allowed SI WIMP-nucleon interaction cross-section as a function of
WIMP mass. Presently the most stringent upper limits come from XENON100, which
has a minimum of 7.0 × 10−45 cm2 for a WIMP of mass 50 GeV c−2 [120]. Favoured
models, based on the assumption that WIMP-nucleon interactions are via Higgs boson
exchange, predict WIMP cross-sections in the regions of ∼10−46 to 10−43 cm2. The grey
shaded regions in Figure 4.1 illustrate regions favoured by CMSSM models [121], which
are just beginning to be explored by direct detection experiments. The plot also contains
the 90% C.L. acceptance regions of the positive results discussed in Section 1.4.2. 5
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section
  as function of WIMP mass m . The new XENON100 limit
at 90% CL, as derived with the Profile Likelihood method
taking into account all relevant systematic uncertainties, is
shown as the thick (blue) line together with the 1  and 2 
sensitivity of this run (shaded blue band). The limits from
XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,
orange), and CDMS [5] (dashed, orange, recalculated with
vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-
tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [19].
and a density of ⇢  = 0.3GeV/cm
3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
  = 7.0⇥10 45 cm2 at aWIMPmass ofm  = 50GeV/c2.
The impact of Le↵ data below 3 keVnr is negligible at
m  = 10GeV/c
2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1  and 2  region. Due to the presence of
two events around 30 keVnr, the limit at higher m  is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a m  = 100GeV/c
2 WIMP, of 1471 kg ⇥ days.
This result excludes a large fraction of previously unex-
plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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Figure 4.1: Spin-independent WIMP-nucleon cross-section as a function of WIMP
mass. Blue line with 1 and 2 sigma regions is upper limit from XENON100 (2011) [120],
black line is XENON100 (2010) [58], dotted orange line is EDELWEISS [60], and dashed
orange is CDMS-II [59]. Grey sha ed regions are expectations from CMSSM (68% and
95% C.L.) [121]. 90% C.L. areas favoured by CoGeNT [61] and DAMA [62] are also
shown. Plot from Aprile et al. [120].
There are, however, reasons to pursue detection of WIMPs via spin-dependent interac-
tions. SD WIMP-nucleon cross-sections are predicted to be larger than SI cross-sections
by orders of magnitude, up to ∼10−41 to 10−38 cm2 in many models [122, 123]. Further-
more, constraining the SD cross-section generally provides more stringent constraints
on SUSY parameter space [124], and combining SD and SI measurements can be even
more powerful [125].
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Partly due to the A2 enhancement factor that SI dark matter detectors benefit from,
but also due to the experimental focus on SI WIMP interactions, the upper limits on
SD cross-sections are many orders of magnitude higher than SI limits. This is shown
in Figure 4.2, where the best upper limits from direct detection experiments are at
6.0×10−38 cm2 [126], and are over two orders of magnitude above theoretically favoured
regions. Because current experimental limits are relatively high, DRIFT-II, despite its
relatively low mass, has the potential to probe new SD limits with the addition of a
target material with SD sensitivity [127].
4
WIMP Mass (GeV)
Ice
Cu
be
Sp
in−
de
pe
nd
en
t p
ro
to
n 
cr
os
s−
se
cti
on
 (c
m
2 )
Super−K
COU
PP (
this 
resu
lt)
KIM
S (2
007)
PICASSO(2009) 
COU
PP (
2007
)
cMSSM
Maverick DM
(χ
χ
→
W
+
W
− )
(χ
χ
→
bb
)
(χχ → various)
101 102 103 104
10−40
10−39
10−38
10−37
10−36
FIG. 4: Improved limits on spin-dependent WIMP-proton
elastic scattering from the data presented in this letter. A
previous COUPP result [5] is shown for comparison. Direct
detection limits from the PICASSO experiment [12], cyan,
and the KIMS experiment [13], green, are shown. Limits on
neutralino annihilation in the Sun from the IceCube [15], ma-
genta, and Super Kamiokande [14], black, neutrino observa-
tories are also plotted. The indirect detection limits from
the neutrino observations have additional dependence on the
branching fractions of the annihilation products. The gold
region indicates favored regions in cMSSM [16]. The blue,
dashed-dotted line is the expected cross-section for “maver-
ick” dark matter with Ωh2 = 0.1 [17].
single and multiple rates with the rates observed during
sAmBe calibration is consistent with this 50% efficiency
for the data presented here. The efficiency is expected to
reach 100% at higher operating temperatures [5]; unfor-
tunately, a mechanical failure forced an early termination
of the run, restricting data-taking to 30◦C.
The WIMP search data spanned November 19th to
December 18th. They are shown in Fig. 3 along with
the signal acceptance regions for various classes of event.
There were 23 days of livetime with the muon veto ac-
tive. A number of data quality cuts were imposed to
remove periods of poor detector performance. The most
restrictive data quality cut was imposed to excise inter-
mittent noise on the acoustic signals, removing 42% of
the science run. An effective exposure of 28.1 kg-days
remained after imposing all data quality cuts, the fidu-
cial volume cut, and the AP nuclear recoil cut. In the
signal acceptance region there were 3 WIMP candidate
events and 47 events coincident with muon activity in
the veto. In the alpha region there were 24 events, 3 of
which were coincident with muon activity. These are sta-
tistically consistent with the high-AP tail expected from
the 47 cosmic ray events in the signal region. Of 9 events
with two macroscopic bubbles, one was not coincident
with the veto. This event is proof of an unvetoed neu-
tron background component with sufficient rate to result
in the observed 3 single-scatter WIMP candidate events.
Assessments of event-by-event discrimination against
alpha decays and of the sensitivity to WIMP-nucleon
scattering are limited by the unvetoed neutron back-
ground in this dataset. Interpreting the three events in
the signal region as alpha decays results in a conserva-
tive 90% C.L. upper limit on the binomial probability
of an alpha decay registering in the nuclear recoil signal
region of < 26%. At this operating pressure and tem-
perature, an alpha particle will create bubble nucleation
sites along its entire track, and there is clear evidence of a
neutron background from the multiple scatter events, so
these three events are likely not alpha decays. Therefore
the presently derived alpha background rejection should
be considered a conservative assessment for the potential
of this technique. We expect an improved estimate from
runs in a deeper underground site, where the residual
neutron background should be absent.
Interpreting the three events in the signal region as
WIMP candidates results in a 90% Poisson upper limit
of 6.7 for the mean of the signal. The resulting im-
proved limits on spin-dependent WIMP-proton couplings
are shown in Fig. 4. The spin-independent sensitivity
that can be extracted from present data is comparable to
that obtained by CDMS in another shallow underground
facility [18]. The calculations assume the standard halo
parameterization [19], with ρD = 0.3 GeV c
−2 cm−3,
vesc = 650 km/s, vE = 244 km/s, v0 = 230 km/s, and the
spin-dependent couplings from the compilation in Tovey
et al.[20]. This result is consistent with a background
from neutrons induced by residual cosmic radiation in
the shallow site.
In view of the ∼ 10−11 intrinsic rejection against min-
imum ionizing backgrounds [5] and the acoustic alpha
rejection demonstrated in this letter, a leading sensitiv-
ity to both spin-dependent and -independent WIMP cou-
plings can be expected from the operation of CF3I bub-
ble chambers deep underground. A first exploration of
the cMSSM spin-dependent parameter space [16] of su-
persymmetric dark matter candidates is expected from
operation of this chamber in a deeper site. At the time
of this writing, a 60 kg CF3I COUPP bubble chamber is
being commissioned.
The COUPP collaboration would like to thank Fermi
National Accelerator Laboratory, the Department of
Energy and the National Science Foundation for their
support including grants PHY-0856273, PHY-0555472,
PHY-0937500 and PHY-0919526. We acknowledge tech-
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Physics, and Accelerator Divisions, and from E. Greiner,
P. Marks, B. Sweeney, and A. Vollrath at IUSB.
Figure 4.2: Current li its on sp n-dependent WIMP-proton scattering cross-sections.
Direct detection limits from COUPP (2007) [128] (dark blue), COUPP (2011) [126]
(red), PICASSO [129] (light blue), and KIMS [130] (green), are shown. Also plotted
are limits from WIMP annihilation in the Sun from IceCube [131] (magenta), and Supe
Kamiokande [51] (black), neutrino observatories, which have additional model depen-
dencies. The gold region indicates favoured cross-sections from CMSSM [123]. The
blue, dashed-dotted line is the expected cross-section for maverick dark matter [132].
Plot adapted from Behnke et al. [126].
4.1.2 Spin-dependent sensitive target
Electronegative CS2 is an ideal gas for reducing diffusion of drifted ionisation tracks and
preserving track information ov r larg drift distances (Section 3.1.3). However, CS2
has negligible sensitivity to SD interactions, since isotopes with odd nucleons (13C and
33S) each have abundances of only ∼1%. I has been shown that the negative ion drift
concept can be retained in gas mixtures with relatively small amounts of CS2 [107]. This
suggests that gases with an unp ir d nucleon, and therefor sensitivity to SD WIMP-
proton scattering, could be mixed with the CS2 target gas, enhancing sensitivity to SD
interactions, whilst retaining negative ion drift.
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The element 19F is a favoured target for SD sensitivity [124, 133]. Table 4.1 shows
the enhancement factors for typical targets of spin-dependent sensitive dark matter
detectors, where 19F is seen to have a significantly higher WIMP-nucleus cross-section
enhancement factor (C
SD(p)
N /C
SD
p ). Using
19F as a target is particularly attractive due
to its complementarity with existing SD sensitive dark matter detectors. Whereas most
current SD sensitive targets (23Na,127I, 129Xe, 131Xe) consist of targets with neutron and
proton spin expectations of the same sign, 19F has neutron and proton spin expectations
of opposite sign, i.e. 〈Sn〉/〈Sp〉 < 0. Combining these results has a large impact on
the allowed WIMP-proton coupling (ap) vs WIMP-neutron coupling (an) parameter
space [125].
CF4 has a high fluorine content and is a well known and effective fill gas for use in gaseous
drift chambers [134, 135]. In addition, CF4 gas is cheap, available and, importantly for
operation in an underground laboratory, inert and non-flammable. CF4 is therefore
an ideal candidate as a mix gas to give the DRIFT detector sensitivity to SD WIMP
interactions.
Nucleus J Abundance(%) C
SD(p)
N /C
SD
p C
SD(n)
N /C
SD
n
unpaired proton
19F 1/2 100 7.78× 10−1 4.75× 10−2
23Na 3/2 100 1.37× 10−1 8.89× 10−4
27Al 5/2 100 2.20× 10−1 1.68× 10−3
127I 5/2 100 1.78× 10−1 1.05× 10−2
unpaired neutron
73Ge 9/2 7.8 1.47× 10−3 2.33× 10−1
129Xe 1/2 26.4 3.14× 10−3 5.16× 10−1
131Xe 3/2 21.2 1.80× 10−4 1.15× 10−1
Table 4.1: SD enhancement factors for WIMP-proton (C
SD(p)
N /C
SD
p ) and WIMP-
neutron (C
SD(n)
N /C
SD
n ) interactions. Data from Tovey et al. [72].
4.1.3 Properties of CS2-CF4 mixtures
The addition of CF4 to the CS2 fill gas of the DRIFT detector will have significant
effects on the operation of the TPC. The ionisation produced by nuclear recoils in the
target volume, the diffusion of the track as it drifts to the readout plane, and the charge
multiplication from electron avalanche in the MWPC will all be effected by the addition
of CF4. These effects need to be understood before CS2-CF4 mixtures can be considered
as suitable gases for use in DRIFT detectors. The critical gas parameters are discussed
below:
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Negative ion drift and diffusion — Negative ion drift must be preserved for any
proposed gas mixture so that track diffusion is suppressed to thermal levels. Table 4.2
shows measured values of reduced mobility for various CS2-CF4 mixtures that were
measured using a small scale DRIFT-like TPC experiment [112]. For each mixture the
measured mobilities are consistent with drifting of negative ions, which have mobilities
three orders of magnitude lower than drifted electrons. For gas mixtures with less than
25% CS2 (e.g. 5-35 Torr CS2-CF4) large diffusion was measured in the direction of drift,
attributed to large fluctuations in electron attachment times. The drift fields used in the
experimental setup are similar to those in the DRIFT detector, suggesting a minimum
CS2 concentration of ∼25% is required to maintain low diffusion through negative ion
drift in the full-scale DRIFT-II detectors.
Diffusion of point-like charge depositions were also measured and used to determine
equivalent temperatures (Equation 3.6) of longitudinal and transverse diffusion in the
gas mixtures. The measurements, also shown in Table 4.2, show no significant increase
in diffusion with increasing CF4 content.
W-value — The W-value, the mean energy required to liberate a single ion pair (Sec-
tion 3.3.1), determines the ionisation yield from particle interactions, which in turn
determines the sensitivity of the detector to low energy events. Table 4.2 shows W-value
measurements made with a single wire proportional counter experiment [107]. The
W-value increases with higher concentrations of CF4, implying a reduction in the ioni-
sation yield for a given event.
Gas mix
CS2-CF4 (Torr)
W-value
(eV)
Reduced mobility
(cm2 atm V−1 s)
Tx (K) Tz (K)
40-00 24.9±0.8 0.51±0.01 330±40 380±40
30-10 25.2±0.6 0.57±0.01 360±30 390±35
20-20 29.2±1.0 0.67±0.01 330±25 440±10
10-30 33.0±1.0 0.76±0.01
Table 4.2: W-value measurements from a dedicated single wire proportional counter
experiment [107]. Mobility measurements from a small (cube of side 30 cm) DRIFT-like
TPC experiment [112]. Tx is effective temperature of transverse diffusion, Tz is effective
temperature of longitudinal diffusion.
Gas gain — The gas gain, the charge multiplication factor achieved in the avalanche of
ionisation electrons within the MWPC (Section 3.3.3), is also strongly affected by the
gas mixture used. Higher gas gains result in a higher ratio of signal to electronic noise,
and potentially improved sensitivity to low energy events. Figure 4.3 shows measured
gas gains of CS2-CF4 mixtures where, for a fixed voltage, gas gains become significantly
greater with increasing CF4 content.
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Figure 4.3: Gas gains in CS2-CF4 mixtures. Plot from Pushkin et al. [107].
Nuclear recoil quenching factor — For a nuclear recoil in a target medium the
nuclear recoil quenching factor Q(E) is defined as the fraction of energy that is released
through ionisation compared with its total kinetic energy
Q(E) =
Eionisation
Erecoil
. (4.1)
A quenching factor of 1 implies that no energy is “quenched” and the entire kinetic
energy of the nuclear recoil goes into the liberation of ion pairs, which can be detected
by DRIFT. Nuclear quenching factor estimates from measurements and simulation have
been performed by the DRIFT collaboration for pure CS2 (Figure 3.10) but have not
been made for CS2-CF4 mixtures. However, Hitachi [108] has made predictions regarding
quenching factors of carbon and sulphur recoils in CS2 and carbon and fluorine recoils
in CF4. The calculations predict identical quenching factors for carbon recoils in CS2
and carbon recoils in CF4. From this it is assumed that carbon nuclear recoils in
arbitrary mixtures of CS2 and CF4 will have the same quenching factor as a function
of energy. Furthermore it is assumed that the Q(E) for sulphur recoils in CS2 and
the Q(E) for fluorine recoils in CF4 each hold for arbitrary CS2-CF4 mixtures. With
these assumptions the nuclear recoil quenching factors of C, F and S recoils in arbitrary
mixtures of CS2-CF4 are plotted in Figure 4.4.
Ranges — Figure 4.5 shows a SRIM [111] simulation of the ranges of nuclear recoils
in pure CS2 and in a 30-10 Torr CS2-CF4 gas mixture. The track ranges of carbon and
sulphur recoils are slightly reduced by the addition of CF4. However, the measured mean
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Figure 4.4: Nuclear recoil quenching factors for recoils of C (black), F (red), S (green)
in arbitrary CS2-CF4 mixtures. Plot adapted from Hitachi [108].
track range in CS2-CF4 mixtures would be expected to increase due to the replacement
of sulphur targets with fluorine targets, which have a substantially longer range.
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Figure 4.5: Track range as a function of recoil energy in CS2-CF4 gas mixtures. Solid
lines shows ranges of C (black) and S (green) in 40 Torr pure CS2. Dashed line shows
ranges of C (black), F (red), S (green) in 30-10 Torr CS2-CF4 gas mixture.
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4.2 Gas mixture tests in DRIFT-IIc
The measurements presented in the previous section showed that, in theory, the DRIFT
detector would be operable with CS2-CF4 gas mixtures. This section details new
work performed in collaboration with Occidental College introducing, for the first time,
CS2-CF4 gas mixtures to a full-scale DRIFT detector. These measurements were made
using the DRIFT-IIc detector, which is essentially identical to the DRIFT-IId detector
described in the previous chapter, but is located in a surface laboratory at Occidental
College in Los Angeles.
4.2.1 55Fe calibrations
The slight increase in W-value, from the addition of CF4 to the CS2 target, results in a
reduced number of ionisation electrons from particle interactions in the detector volume.
However, the large increase in gas gain means that each ionisation electron undergoes
a much higher multiplication in the MWPC and, overall, interactions are expected to
produce larger ionisation signals in the detector. An 55Fe calibration in which events
of 5.9 keV are produced in the detector volume (Section 5.2) allows the measurement of
these combined effects.
Initial tests with a 30-10 Torr CS2-CF4 gas mixture in the DRIFT-IIc detector quickly
revealed that stable detector operation would not be possible with the 3000 V MWPC
operating voltage used for pure CS2. At voltages approaching 3000 V large current ex-
cursions in the MWPC power supplies were observed indicating electric discharges in the
MWPCs. To achieve stability, and to minimise the risk of damage to sensitive pream-
plification electronics, MWPC operating voltages were reduced. Preliminary tests on
various gas mixtures showed that the reduction in MWPC voltage required for stability
cancelled-out much of the increased gas gain from the addition of CF4. It was therefore
decided to tune the MWPC operating voltage for each gas mixture such that the effects
of the lower W-value, the higher gas gain, and the lower operating voltage cancelled
exactly. The result of this is that, in each CS2-CF4 gas mixture, the MWPC signal
produced by a recoil of a given energy is the same as that from the same recoil in pure
CS2 at 3000 V.
Figure 4.6 shows, for 3 different CS2-CF4 gas mixtures, the measured mean pulse area
of 55Fe events as MWPC voltages were increased. In each case an MWPC voltage
is reached in which the mean pulse area is within ∼3% of the value in the standard
pure CS2 conditions. A gas mixture of 10-30 Torr CS2-CF4 was attempted but, at
a voltage of 2700 V, before 55Fe calibrations could be performed, significant discharges
Chapter 4. Development of spin-dependent CF4 target for DRIFT-IId 89
occurred in the MWPC readout planes that resulted in damage to a number of electronics
components. The 20-20 mixture was thus determined as the maximum CF4 content for
the current detector configuration.
DRIFT−IIc anode Fe−55 pulse area vs voltage
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Figure 4.6: 55Fe calibration plots from various gas mixtures in the DRIFT-IIc detector
at Occidental College. For each gas mixture voltages are tuned to give a mean 55Fe
pulse area of 1075 mVµs to within 3% (black dashed lines).
4.2.2 Neutron calibrations
Neutrons from a 252Cf source have been shown to produce nuclear recoils in DRIFT with
an energy spectrum similar to that expected from massive WIMPs, making it an almost
ideal calibration source [136]. Neutron calibrations of DRIFT-IIc were performed with
three gas mixtures (40-00, 30-10 and 25-15 Torr CS2-CF4) and with the source at two
different positions. As illustrated in Figure 4.7 this included an x-axis run, where the
source was directly in front of the detector creating nuclear recoils biased in the direction
of the x-axis; and a z-axis run where the source was placed directly behind the MWPC,
creating nuclear recoils biased in the direction of the z-axis. In each case the source was
placed 1.8 m from the detector, where the distance results in some collimation of the
incident neutrons.
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Figure 4.7: Schematic of neutron run geometry (not to scale) from a top-down view-
point (refer to photograph in Figure 3.2 for reference). In the z-axis run the source is
placed 1.8 m directly behind and in the centre of the left MWPC readout plane creat-
ing nuclear recoils biased in the direction of the z-axis. In the x-axis run the source
is directly in front of the detector in the plane of the central cathode creating nuclear
recoils biased in the direction of the x-axis.
Data from each run was analysed using the standard WIMP analysis cuts to select
nuclear recoil events (Section 5.3). From the accepted nuclear recoil events the mean rate
of nuclear recoils and the mean z component of the track range (∆z) were calculated.
Table 4.3 shows the mean rate of nuclear recoils detected for each gas mixture. A
significant increase in event rate is observed with increased CF4 concentration. At fixed
total pressure, volume and temperature, the number of molecules of gas in the detector
is independent of the gas species. Increasing the partial pressure of CF4 relative to
CS2, therefore, has no effect on the number of carbon atoms in the detector volume but
results in a decrease in the number of sulphur atoms. Since overall gains remain the
same due to the voltage tuning, the increase in detected event rate must be attributed
to the increased number of fluorine targets. This is evidence of sensitivity to fluorine
recoils in the DRIFT-II detectors.
Table 4.4 shows the mean ∆z for each of the neutron calibration runs, where ∆z is seen
to increase with CF4 concentration. Although this could be evidence of an increase in
the mean range of tracks, as expected from the additional fluorine recoils, it could also
be attributed to increased diffusion of the recoil tracks. However, the difference between
∆z for the z-axis run and ∆z for the x-axis run also increases with CS2-CF4 gas mixtures
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Gas mix (CS2-CF4 Torr) C:F:S ratio MWPC voltage (V) Event rate (Hz)
40-00 4:0:8 3000 0.66±0.02
30-10 4:4:6 2925 0.84±0.02
25-15 4:6:5 2880 0.97±0.02
Table 4.3: Nuclear recoil event rates from neutron calibration runs of CS2-CF4 gas
mixtures.
relative to pure CS2. This implies that directionality is increasing, suggesting a larger
mean recoil length, which is further evidence that fluorine recoils are being detected.
Gas mix C:F:S ratio MWPC voltage (V) Source axis ∆z (mm)
40-00 4:0:8 3000 z-axis 2.54± 0.02
3000 x-axis 2.44± 0.02
30-10 4:4:6 2925 z-axis 2.77± 0.03
2925 x-axis 2.59± 0.02
25-15 4:6:5 2880 z-axis 2.80± 0.02
2880 x-axis 2.64± 0.02
Table 4.4: Measurement of ∆z component of neutron induced nuclear recoils in
CS2-CF4 gas mixtures. Neutron source x-axis and z-axis positions illustrated in Fig-
ure 4.7.
4.3 Gas mixing system design and construction
In the 1 m3 DRIFT-II detector a continuous flow of target gas is required to maintain
target gas purity against the imperfect vacuum and to reduce build up of radon contami-
nation and its associated backgrounds (Section 3.2.2). When operating with a target gas
of pure CS2 this is achieved with the relatively simple system described in Section 3.2.2.
However, this system is not capable of a controlled supply of a mixture of gases to the
vacuum vessel. This section describes the design and construction of a new automated
gas mixing system to provide a continuous supply of arbitrary CS2-CF4 gas mixtures to
the DRIFT-II detectors.
4.3.1 Hardware design
A gas mixing system is required to continuously supply premixed gas to the vacuum
vessel at a minimum rate of approximately one vacuum vessel (3375 L) of 40 Torr gas
per day. Figure 4.8 shows the schematic design of the new gas mixing system in which the
mixing procedure is controlled and monitored by a system of four mass flow controllers
(MFCs) and three capacitance manometer pressure gauges (PGs).
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Assuming that the vacuum vessel and entire mixing system begin evacuated, with all
mass flow controllers in the closed position, preventing gas flow, and assuming a typical
gas mixture of 30-10 Torr CS2-CF4, the system operates as follows:
1. The mixing cylinder and supply cylinder valves are closed by hand and MFC1,
MFC3 and MFC4 are opened such that CS2 flows through the mixing system
directly to the vacuum vessel, bypassing the mixing and supply chambers. MFC1
is closed when the vacuum vessel pressure gauge (PG3) shows that the desired CS2
content (30 Torr) has been reached.
2. MFC2 is then opened, so that CF4 flows directly to the vacuum vessel, and is
closed when the desired total fill pressure (40 Torr) is reached in the vacuum vessel,
measured by PG3.
3. All mass flow controllers are now closed and the valves on the mixing chamber and
supply chamber are opened by hand.
4. The automated gas mixing cycle now begins. MFC1 is opened and the mixing
chamber fills with CS2 gas. When the desired pressure is reached in the mixing
chamber MFC1 is closed.
5. MFC2 is then opened and CF4 gas is added to the CS2 in the mixing chamber.
When the target pressure is reached, indicating the correct CS2-CF4 mixture in
the mixing chamber, MFC2 is closed.
6. MFC3 is opened and equilibrium occurs between the mixing and supply chamber.
7. The gas mixture is supplied to the vacuum vessel via MFC4 with a rate that
maintains the 40 Torr operating pressure in the vacuum vessel.
8. When the pressure in the supply chamber falls below a predetermined level, MFC3
is closed, isolating the supply chamber from the mixing cylinder. The mixing
process then repeats while the supply chamber continues to supply the vacuum
vessel with the gas mixture.
So that the gas mixing system could be designed, built and tested on DRIFT-IIc at
Occidental College, then shipped to the UK to be installed on DRIFT-IId at the Boulby
Underground Laboratory, it was required to be relatively portable. The gas mixing
system was therefore designed so that the main components were in a self-contained
19-inch rack mountable panel, to which target gas cylinders and the mixing and supply
chambers could be attached on location.
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Figure 4.8: Schematic diagram of the CS2-CF4 gas mixing system. The supply cylin-
der isolates premixed gas during the fill cycle to allow continuous supply of target gas
to the detector volume. During fill cycle MFC1 and MFC2 allow sequential controlled
addition of CS2 and CF4 to the mixing chamber in the required partial pressures. The
gas output system remains the same as that described in Section 3.2.2. See text for full
details.
Figure 4.9 shows a to-scale design of the gas mixing panel. Four MKS Mass-Flo 1479A
mass flow controllers [137] are mounted on the panel, each of which has an associated
dual LED indicator light indicating the MFC status (open, closed or controlled flow).
In addition there is an LCD display to show the gas flow rate through MFC4. Two
MKS Baratron 626A capacitance manometer pressure gauges [138] are also mounted
on the panel, each with an LCD display showing its pressure reading. Each MFC and
PG is connected, via a D-sub connector, into a custom made PCB, which interfaces
all required inputs and outputs with connections on the front of the panel, as well as
providing ±15 V power from the panel mounted DC power supply.
Chapter 4. Development of spin-dependent CF4 target for DRIFT-IId 94
The panel has four 6 mm Swagelok connections on the back to which the supply and
mixing chambers and the CS2 and CF4 cylinders are attached. The supply and mixing
chambers currently used are standard 50 L steel high-pressure gas cylinders attached via
CGA 580 to 6 mm Swagelok adapters. There are two 6 mm Swagelok connections on the
front of the panel, one of which is to supply the mixed gas to the vacuum vessel; the
other is so that a pump can be attached to directly evacuate the mixing system. All
analogue communications with the gas mixing panel are through ten BNC connections
on the panel front (two for each MFC and one for each PG) and all digital signals
through a single 15 pin D-sub connection.
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Figure 4.9: Scale diagram of gas mixing panel.
4.3.2 Electronics design
Each MFC is controlled by two lines of input. The first carries an analogue signal for the
set point voltage. The second sets the MFC to either a fully closed position (connected
to 0 V) a fully open position (connected to +5 V), or a controlled flow mode (floating),
where the maximum rate of flow through the MFC is determined by the set point voltage.
In addition each MFC has an analogue output of between 0 and 5 V, which corresponds
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to the actual measured flow rate through the device. Each PG has only a single output
— an analogue signal in the range 0 to 10 V corresponding to a pressure range of 0 to
1000 Torr.
Figure 4.10 shows a representative circuit design for the control of one mass flow con-
troller and one pressure gauge. The pressure gauge connects to the PCB via a 15 pin
D-sub connection, of which only six pins are used. Five of these pins provide power
and ground connections. The remaining pin contains the single line of analogue out-
put, which is split and goes to the panel mounted LCD display voltmeter, and a BNC
bulkhead on the front of the panel. The mass flow controller connects to the PCB via a
9 pin D-sub connection, of which eight pins are used. Similarly, five of these pins provide
power and ground connections to the MFC. The analogue output pin is split to both a
BNC feedthrough and a panel mounted LCD display1. The analogue input pin, used for
the set point voltage, is connected to a BNC bulkhead on the front of the panel. The
remaining pin, controlling the MFC state and requiring a signal of 5 V (fully open), 0 V
(fully closed) or floating (controlled flow) connects to a logic circuit that provides this
signal via three TTL signals.
The logic circuit, shown in the top part of Figure 4.10, uses two AND gates (74LS08),
an inverter (74LS04), and a tri-state buffer (74LS125) to achieve the required control,
shown in Table 4.5. The ‘master’ channel is required to overcome an inherent behaviour
of the multifunction DAQ card that sets all TTL signals to ‘high’ on a reboot of the PC.
The digital inputs controlling the MFC state are connected to panel mounted LEDs, to
indicate the state of each MFC. The PCB was designed to contain connections to all
four MFCs and two PGs on a single 3” by 5” dual layer PCB. The board layout is shown
in Figure 4.11.
TTL Inputs Tri-state Output
O/C F Master → MFC state
1 0 0 +5 V → Open
0 0 0 0 V → Closed
0 1 0 Floating → Controlled flow
(1) (1) (0) (Floating → Controlled flow)
X X 1 0 V → Closed
Table 4.5: Logic truth table for TTL control of mass flow controllers.
The analogue and TTL outputs required for MFC control are provided by a National In-
struments NI6024E multifunction DAQ PCI card [139], which is installed in the existing
DRIFT control computer. The six analogue outputs of the gas mixing panel (four MFC
1Although only one LCD display, for MFC4, is installed in the panel, connections exist for all MFCs
so they could be added later.
Chapter 4. Development of spin-dependent CF4 target for DRIFT-IId 96
Panel mounted LEDs
74LS04
74LS125
74LS08
74LS08
Panel mounted 
LCD voltmeter
M
FC
 fl
ow
M
FC
 m
as
te
rGreen 
LED
Yellow 
LED
PG
 o
ut
pu
t
M
FC
 o
ut
pu
t
M
FC
 in
pu
t
+15V
-15V
+15V
-15V
1
2
3
4
5
6
7
8
9
15
14
13
12
11
10
9
7
6
5
4
3
2
1
8
33
0 
Ω
V V
D-sub connection 
to MFC
D-sub connection 
to pressure gauge
Analogue signals to front 
panel BNC connections
Digital signals to front 
panel D-sub connector
M
FC
 
op
en
/c
lo
se
Panel mounted 
LCD voltmeter
Figure 4.10: Representative circuit diagram for the gas mixing system control showing
layouts for connections to one MFC and one PG. Connections at the top of the board
connect to a D-sub connector on the panel and carry digital signals to control the MFC
state. Connections at the bottom of the board connect to BNC feedthroughs on the
panel and carry analogue signals. See text for full details.
and two PG) connect via the panel mounted BNC connections to the existing slow con-
trol system that takes continuous, high accuracy voltage measurements (Section 3.2.2).
This integration into the existing slow control system means that the channels are con-
tinually recorded and added to a database that can be easily monitored via the existing
web based system, or accessed by the custom gas mixing program. In order to achieve
the required precision in voltage measurements, however, readings are made only every
∼10 seconds. This slow reaction to changes in pressure places constraints on the design
of the gas mixing system control.
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Figure 4.11: Schematic of PCB for control of gas mixing system. Red is top layer,
green is bottom layer, yellow is silkscreen layer. Connections at top of board are to
digital controls for MFC state, connections at bottom are for analogue signals.
4.3.3 Software design
The gas mixing system, to be installed underground at the Boulby Underground Labora-
tory, is required to operate unsupervised for long periods, with the possibility of remote
operator intervention if problems are suspected. A program, named GasMix, was writ-
ten to provide both manual control of the gas mixing panel and to perform automatic
and continuous fill cycles. The program was written in C using drivers and functions
from the National Instruments NIDAQmx Base package [140].
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Automated operation — GasMix was designed to perform continuously and auto-
matically the gas mixing operation described in Section 4.3.1. A number of hardware
constraints determined the fill cycle procedure. Firstly, the ∼10 second interval between
pressure readings limited the speed at which precise fill operations could be completed.
In addition, because the panel mounted PG1 is a significant distance from the mixing
chamber (∼1 m away connected by a 6 mm diameter flexible vacuum hose) the pressure
gauge sees an overpressure during filling and hence greatly overestimates the actual pres-
sure of the mixing chamber. A solution to both of these problems is to reduce the flow
rate from the CS2 and CF4 supply cylinders. A graduated decrease of the flow rate was
implemented to maximise fill accuracy whilst minimising the time taken for a fill cycle
to complete. An efficient fill cycle is required to ensure that the gas mixing is completed
before the gas in the supply chamber becomes too low to maintain the flow rate to the
vacuum vessel. A suitable solution for the addition of each gas was to set the MFC to
fully open until PG1 was within 50 Torr of its target value, 4/5 open to within 10 Torr,
1/5 open to within 2 Torr, and finally 1/20 open until the target pressure was reached.
The stepped decrease in flow rate can be seen in Figure 4.12.
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(a) Mixing chamber pressure (PG1, red) and supply chamber pressure
(PG2, blue).
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(b) CS2 flow rate (MFC1, magenta) and CF4 flow rate (MFC2, black).
Figure 4.12: One filling cycle as monitored by the slow control. In minutes: 0–12)
Normal running, both chambers in equilibrium supplying the vacuum vessel with gas
mixture; 12–29) MFC3 is closed isolating the supply cylinder from the mixing cylinder.
MFC1 flows CS2 to the mixing cylinder (PG1) with stepped flow rate until target
pressure is reached; 30–40) MFC2 flows CF4 to the mixing cylinder with stepped flow
rate until target pressure is reached; 40–60) MFC3 is opened and gas mixture flows to
supply chamber (PG2). Equilibrium is reached and normal running continues.
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At room temperature, CF4 is volatile so that the fill speed is limited only by the speed of
the slow control measurements. The boil-off pressure of CS2, however, is only ∼400 Torr,
which is a limiting factor in the time taken in completing each fill cycle and the maximum
pressure that can be achieved in the mixing chamber. As the liquid CS2 evaporates
during the CS2 fill stage it cools, leading to a reduced boil-off pressure and hence a
decreasing fill rate, as illustrated during minutes 12 to 24 in Figure 4.12(b). To achieve
reasonable fill times it is only possible to reach pressures of around ∼270 Torr of CS2
in the mixing chamber. Due to this restriction, the maximum flow rate that can be
achieved (so that the supply chamber does not run out of gas before the mixing cycle
is complete) is approximately 2 vacuum vessel changes per day — twice the presently
required flow rate. Higher flow rates may be achieved by, for example, heating the CS2
input cylinder or sourcing a larger supply chamber.
As with the previous gas flow system (Section 3.2.2), the rate at which gas is flowed
through the system is determined by the pump-out rate. In the previous system the
CS2 was replenished via a MFC that took a set point directly from the vessel pressure
gauge. The red line in Figure 4.13 shows that, due to the large vacuum vessel and
slow reaction time of the MFC this resulted in an oscillation of ±0.5 Torr about the
target pressure of 40 Torr. As well as automating the gas mixing cycles, the GasMix
program is now responsible for maintaining a constant pressure in the vacuum vessel by
directly controlling the flow of mixed gas through MFC4 to the vacuum vessel. MFC4
is independent of the gas mixing cycles and, during normal running, is permanently in
the controlled flow mode, with a flow rate that is adjusted every 10 seconds to maintain
the vessel target pressure. The formula for the change in the set point voltage is given
by
∆Vset = A(Ptarget − Pmeasured) +B d
dt
(Ptarget − Pmeasured), (4.2)
where Ptarget is the target pressure (typically 40 Torr) and Pmeasured is the measured
pressure of the vacuum vessel. A and B are experimentally determined constants and,
for the current detector configuration, are 500 V Torr−1 and 1000 V Torr−1 respectively.
The combination of proportional and derivative terms has been found to be extremely
stable, maintaining pressure to well within 40.00±0.01 Torr. Figure 4.13 shows the
stability of the GasMix controlled MFC4 compared to the previous MFC with an inbuilt
control. The system has also been shown to quickly return the vessel to a stable target
pressure from significant pressure deviations of at least ±3 Torr that may occur due to,
e.g., pump malfunctions.
Graphical user interface — Although the main function of GasMix is to automate
fill cycles for continuous unmanned operation, to offer as much flexibility and control
as possible, and to provide remote monitoring and operation, a graphical user interface
Chapter 4. Development of spin-dependent CF4 target for DRIFT-IId 101
Vacuum vessel pressure
Time (minutes, arbitrary offset)
Ve
ss
el 
Pr
es
su
re
 (T
or
r)
0 100 200 300 400 500 600 700
39
.5
40
.0
40
.5
Old gas flow system
New gas flow system
Figure 4.13: Comparison of vacuum vessel pressure during normal operation with the
old MFC (red) compared to the GasMix controlled MFC (blue).
(GUI) was produced. The GUI was written in C++ using the Qt framework [141] and
consists of two control windows. The main window, shown in Figure 4.14(a), is for
the manual control and monitoring of each MFC and PG. The fill window, shown in
Figure 4.14(b), is where the input parameters of the automated filling process are input
and continuous operation is initiated.
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(a) Main window of GasMix GUI. Top section contains controls for each of the four
MFCs, with selectable radio buttons for MFC state, a slider control for the
controlled flow set point, and readings of the current set point and the current
measured flow rate. The section under this shows the three pressure gauge
readings.
(b) Fill window of GasMix GUI. The PG1 pressure at which the fill
cycle should start, the percentage of CF4 required and the total
fill pressure are entered by the user. The ‘Fill Once’ button is
used to perform a single fill cycle then stop and the check box
turns on the continuous automated fill mode.
Figure 4.14: Screenshots of the GasMix GUI.
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4.4 Gas mixing system underground on DRIFT-IId
After the construction, development and testing of the gas mixing system at Occidental
College, the system was shipped to the Boulby Underground Laboratory where it was
installed on the DRIFT-IId detector, as shown in Figure 4.15. The stability of the
gas mixing system is crucial to ensure the correct gas mixture is maintained over long
periods of operation. This section details a number of stability measurements since this
installation.
Existing gas 
output system
New gas 
mixing panel
Mixing chamber, 
supply chamber, 
and CF4 cylinderCS2 
cylinders
Figure 4.15: The gas mixing system installed at the Boulby Underground Laboratory.
4.4.1 Stability and monitoring
Short term pressure monitoring via DRIFTwatch — The integration of the gas
mixing system with the existing slow control system means that the PG1 and PG2 pres-
sures, which determine the fill ratio, can be viewed remotely via the existing DRIFT-
watch web interface to monitor gas mixing system operation.
Figure 4.16 shows the PG1 and PG2 readings over 24 hours. The fill pattern is seen to be
very regular and any irregularities in a particular fill cycle can usually be identified from
periodic viewing of these plots. The DRIFTwatch slow control system has integrated
alarms that send out warnings to collaboration members via email and SMS messaging
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if readings occur outside preset limits. By setting alarms on the upper limit of PG1 (to
warn of a fill overshooting its target) and the lower limit of PG2 (indicating that a fill is
taking too long) any irregularities in a given fill cycle will immediately trigger the alarm.
In the current configuration, if a fill cycle fails the alarm gives the operator ∼45 minutes
to take appropriate action to resolve the problem until the supply chamber is no longer
able to maintain the required flow rate. In the rare case in which the gas system and the
alarm system may fail, or if an operator is unable to access the system, the hardware
cut-off on the vacuum vessel pressure will kill all high voltages if the pressure in the
vacuum vessel drops below 39.5 Torr.
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Figure 4.16: Mixing chamber (PG1, red) and supply cylinder (PG2, blue) pressures
over a 24 hour period.
Figure 4.17 shows a situation in which the CS2 supply cylinder is diminished. When
the CS2 level is low the cooling effects of evaporation on the remaining CS2 are more
severe and the boil-off pressure reduces. The CS2 part of the fill cycle is seen to take
progressively longer and, as a result, the supply chamber pressure reduces further with
each fill. Although the mass of the CS2 supply cylinders is monitored to avoid this
situation, if CS2 levels do run low the user is alerted at least 8 hours before the CS2
level becomes too low to maintain the detector pressure, so the detector can be remotely
shut down if needed.
Long term monitoring via fill logs — Although the slow control system enables
the identification of significant errors during operation, slight systematic shifts in the
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Figure 4.17: Mixing chamber (PG1, red) and supply cylinder ( PG2, blue) pressures
with a dwindling CS2 supply. With low CS2 levels, increased cooling occurs during
evaporation leading to reduced evaporation and slower fill cycles. The longer fill time
leads to a reduced minimum pressure in the supply chamber during the fill, which
triggers the alarm.
fill pressures are unlikely to be noticed here. To enable long term monitoring of the gas
mixing a record is made, for each fill cycle, of the fill start time and the mixing chamber
pressure at each stage of the fill. Periodic analysis of the summary table allows the long
term stability of the gas mixing procedure to be monitored. Figure 4.18 shows the ratio
of CS2 to CF4 in each mixing cycle for 298 cycles over a period of one month, where
the ratio is determined from the change in PG1 pressure over the CS2 and CF4 filling
stages. The fill ratio is seen to vary from the nominal 3.0 (for a 30-10 Torr CS2-CF4
mixture) by no more than ±0.02. Figure 4.19 shows a histogram of 2393 fill cycles
covering over 200 days of operation. A Gaussian fit to the data reveals a mean CS2
fraction of 3.003± 0.0002 with a standard deviation of (7.5± 0.1)× 10−3, indicating an
extremely precise and stable gas mixing system performance.
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Figure 4.18: Ratio of CS2 to CF4 added to the mixture in each fill cycle.
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Figure 4.19: Histogram of CS2 to CF4 fill ratios from 2393 fill cycles covering ∼200
days of operation. Gaussian fit gives mean CS2 to CF4 ratio of 3.003 ± 0.0002 and
σ = (7.5± 0.1)× 10−3.
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Monitoring gas mixture via 55Fe calibration — Increasing CF4 content in CS2-CF4
gas mixtures significantly increases gas gain, resulting in increased ionisation collected
from 55Fe interactions in the detector (Section 4.1.3). The standard six hourly 55Fe
calibrations therefore offer an independent method of monitoring the ratio of CS2 to
CF4 in the vacuum vessel over long periods of operation.
Figure 4.20 shows gain curves from the underground DRIFT-IId detector operating
with 40-00 and 30-10 Torr CS2-CF4 configurations. The gain curves show that, at the
current standard operating voltage of 2840 V, changing the gas mixture from 30-10 Torr
CS2-CF4 to 40 Torr pure CS2 results in a ∼22% decrease in ionisation produced in 55Fe
calibrations mean pulse area.
Figure 4.21 shows the mean pulse area from the 6 hourly 55Fe calibration runs for a
period of about one month, during which gains are seen to remain stable to within
∼2%. The fluctuations in the gain correlate with fluctuations in currents supplied by
the MWPC high voltage supplies. These fluctuations limit the ability to detect small
changes in gain that may be due to chaining CF4 content. Nonetheless, if the CF4
content was systematically increasing or decreasing over long periods of time the 55Fe
calibrations should show this with a general increase or decrease in the mean pulse
area of 55Fe events over time. The ±2% stability shows that the CS2-CF4 ratio is not
changing drastically over long time periods.
The collaboration is currently working on development of a residual gas analyser to
enable continuous direct measurement of the gas composition, as well as measuring gas
contamination.
4.4.2 Conclusions
A gas system for maintaining a controlled mixture of CF4 and CS2 at a controlled
overall pressure of 40 Torr in the drift vessel has been implemented. The majority of
the design, construction, testing, installation and commissioning was performed by the
author. The system has been running for 2 years, and has proved reliable, stable, and
safe. This subsystem enables the operation of DRIFT as a detector for spin-dependent
WIMP-nucleus interactions, a critical step for the experiment that has resulted in new
publications for the collaboration [118].
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DRIFT−IId anode Fe−55 pulse area vs voltage
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Figure 4.20: 55Fe gain plots from 40 Torr CS2 (blue) and 30-10 Torr CS2-CF4 (red)
gas mixtures in the DRIFT-IId detector. Circles (fit with solid line) and triangles (fit
with dashed line) are measurements from left and right MWPCs respectively.
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Figure 4.21: Mean pulse area produced by 55Fe events as a function time — showing
a rate stable to approximately ±2% over one month.
Chapter 5
DRIFT-II data analysis
The raw event rate from DRIFT-IId during normal operation is ∼1 Hz. In this chapter
event parameterisation and cuts are described, which result in a reduced set of WIMP-
induced nuclear recoil candidates.
The energy calibration of DRIFT, via exposure to an 55Fe source, is described. An en-
hanced analysis procedure for 55Fe calibration is presented resulting in improved energy
resolution and yielding a new technique for on-line monitoring of detector stability.
Finally, a data reduction procedure is developed with the motivation of improving ef-
ficiency of the existing data reduction process. This was performed using 47.36 days
of data from DRIFT-IId with a 30-10 Torr CS2-CF4 gas mixture. New cuts developed
here, and the tuning of existing cuts, produced a background-free signal region with a
nuclear recoil detection efficiency improved by a factor of 2.4.
5.1 Waveform preprocessing
In Section 3.2.4 a typical event file was examined at the output of the preprocessing
and digitisation electronics after some initial digital preprocessing to remove noise. This
section describes well understood waveform filtering techniques used to improve signal-
to-noise in all event waveforms before any parameterisation is attempted.
5.1.1 High frequency noise removal
Figure 5.1(a) shows data from the right MWPC only from an event file in its raw form
at the output of the digitisation electronics. Without the standard digital preprocessing
each line can be seen to contain high frequency sinusoidal noise. A Fourier analysis of
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the anode sum line reveals a clear peak in the power spectrum at a frequency of 55 kHz.
The power spectrum of the grid sum line, shown in Figure 5.2, similarly has a peak at
55 kHz but also two further peaks at 110 and 165 kHz — harmonics of the 55 kHz noise.
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(a) Data from right MWPC only prior to 55 kHz
noise removal.
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(b) The same data as in (a), but with 55 kHz noise
removed.
Figure 5.1: Effects of 55 kHz noise removal on an event file containing a candidate
nuclear recoil event. The effects of the noise removal, although present on each line
individually, are seen most clearly on the grid sum line (RGS).
This high frequency noise is only present when the central cathode is at voltage, sug-
gesting this is the source of the 55 kHz noise, despite the presence of a low-pass filter
between the high voltage supply and the cathode. The noise is smaller on the anode
lines, likely because of the shielding provided by the surrounding grid planes. Periodic
Fourier analyses of data show that this high frequency noise has been present over the
life of DRIFT-IId and, although varying in amplitude, has remained at a fixed frequency
of 55 kHz.
This regular sinusoidal noise is simple to remove in software with the use of a Fourier
transform notch filter. For each line the discrete Fourier transform is taken and the
55 kHz noise and its harmonics are removed from the power spectrum. The inverse
Fourier transform is then applied, returning the original line with the 55 kHz component
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Figure 5.2: Power spectrum of grid sum line. Where peaks can be seen at frequencies
of 55 kHz, 110 kHz and 165 kHz (marked with red dashed lines).
removed. Figure 5.1(b) shows the dramatic improvement in signal-to-noise that this
produces.
5.1.2 Low frequency noise removal
Mains pickup at 50 Hz is next removed from the data using a nonlinear fit to a 50 Hz
sine wave, which is subsequently subtracted from each data line. Figure 5.3 shows the
effect of this noise reduction technique on the grid sum line.
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Figure 5.3: The grid sum line of a typical nuclear recoil event before (grey) and after
(black) baseline correction from a nonlinear fit to a 50 Hz (20000µs) sine wave. Note
that smoothing has been applied to better illustrate the change in baseline. Horizontal
black line indicates grid sum threshold.
5.2 55Fe energy calibration
Each MWPC has a retractable ∼100µCi 55Fe source attached to its acrylic backplate. At
regular 6 hourly intervals DRIFT enters an 55Fe calibration mode. Normal data acquisi-
tion is stopped and the 55Fe source is exposed to the detector volume for approximately
3 minutes. This section discusses the interactions that occur in the detector volume
during this exposure and how these are used for energy calibration of the detector.
5.2.1 55Fe interactions in CS2 and CS2-CF4 mixtures
55Fe decays to 55Mn with a half-life of ∼2.7 years via electron capture, resulting in
emission of 5.90 keV x-rays. The likelihood of the x-rays interacting in the DRIFT
target volume is determined by the mean free path, λ = 1/µρ where ρ is the density of
the target gas and µ is the photoelectric absorption coefficient. Photoelectric absorption
values for the carbon, fluorine and sulphur atoms relevant to the DRIFT detector are
listed in Table 5.1.
55Fe interactions in CS2 — Sulphur has a photoelectric absorption ∼20 times greater
than carbon, and in 40 Torr CS2, the standard fill gas for DRIFT, a factor ∼5 larger
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Fluorescence
yield
Auger
yield
µ
(cm2 g−1)
K shell binding
energy (keV)
Auger kinetic en-
ergy (keV)
C 0.003 0.997 11.1 0.284 0.28
F 0.013 0.987 39.2 0.697 0.65
S 0.078 0.922 220.0 2.472 2.11
Table 5.1: Gas parameters for 55Fe interactions. Fluorescence and Auger yields from
Krause et al. [142], photoelectric absorption coefficients (µ) for 5.90 keV gamma from
the NIST database [143]. K shell binding energies from Table 1 of Bearden et al. [144].
Auger energies from the NIST database [145].
mass fraction. It is therefore assumed that all x-ray interactions occur with sulphur
atoms and carbon interactions are neglected.
Figure 5.4 shows the principal interaction between a 5.90 keV x-ray and a sulphur atom.
The x-ray is absorbed by the sulphur atom, which then emits an inner shell photoelectron
of energy 3.43 keV, leaving the sulphur atom in an excited state. The atom partly relaxes
with an outer shell electron filling this vacancy. The remaining energy is lost in one of
two ways: either by the process of Auger emission [146], in which a second electron of
2.10 keV is emitted; or by fluorescence, releasing a photon of energy 2.24 keV. The Auger
yield determines the probability that the atom will relax via Auger emission and is 0.922
for sulphur. Thus 92.2% of interactions will result in the full energy of the x-ray being
deposited in two localised ionisation tracks that are seen as a single event by DRIFT.
The detection of these events leads to a full-energy peak at 5.90 keV in the resulting 55Fe
energy spectrum.
In the remaining 7.8% of interactions the excited sulphur atom de-excites by the emission
of a 2.24 keV fluorescence x-ray. With a mean free path of 21 cm in 40 Torr CS2, this x-ray
will either escape the detector entirely, or produce a second event spatially separated
from the first. This leads to additional structure in the 55Fe energy spectrum in the
form of an escape peak, consisting of 3.43 keV events with an area 8.5% of the full-energy
peak. In addition a fluorescence peak at 2.24 keV, caused by the fluorescence x-rays that
do not leave the detector volume is also expected, with an area <8.5%.
55Fe interactions in CS2-CF4 mixtures — Sulphur has an absorption coefficient ∼6
times larger than that of fluorine so, for the typical gas mixture of 30-10 Torr CS2-CF4,
where the sulphur mass fraction is also 3 times greater than the fluorine, most x-ray
interactions remain with sulphur. The high Auger yield of fluorine also means that 99%
of interactions with fluorine result in contributions to the full-energy peak. The addition
of CF4 therefore has minimal effect on the
55Fe spectrum at the typical levels of a 30-10
CS2-CF4 mixture. At higher CF4 concentrations no new features will be seen but a
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Figure 5.4: Interaction between 5.9 keV x-ray and sulphur atom.
reduction in the size of the sulphur escape peak relative to the full-energy peak will
result.
Although the addition of CF4 has only minor effects on the expected energy of events
produced in 55Fe interactions, the ionisation measured at the MWPC (for a fixed voltage)
changes drastically due to the changes in W-value and gas gain of CS2-CF4 mixtures
compared with pure CS2 (Section 4.1.3).
5.2.2 Analysis, smoothing and thresholds
During 55Fe exposure the DRIFT DAQ runs in an untriggered mode, in which there is
no threshold and event files are written to disk continuously. The rate of interactions
from the 55Fe source is such that a number of events are typically seen in each 10 ms
event file. Energy calibration of the DRIFT detector is performed by measuring the
mean pulse area of events produced by the 5.90 keV interactions in the detector, where
the pulse area is directly proportional to the ionisation produced in the detector volume.
The W-value of the gas mixture is used to determine the number of ion pairs liberated
by the 5.9 keV event resulting in a NIPs conversion factor — a multiplication factor to
convert a measured pulse area in mVµs to the number of ion pairs produced in the initial
event. The current 55Fe calibration procedure determines a separate NIPs conversion
factor for each of the left and right MWPCs.
Thresholds — Figure 5.5(a) shows a typical 55Fe spectrum for the right MWPC that
was analysed with a threshold of 2.0 mV. A clear full-energy peak can be seen with a
mean of 418±10 mVµs clearly separated from the noise peak below ∼150 mVµs. There
Chapter 5. DRIFT-II data analysis 115
may also be signs of additional structure at low pulse area that could be due to the
escape peak (expected at ∼240 mVµs). For calibration purposes however, only the full-
energy peak is of interest. Figure 5.5(b) shows the same data with an analysis threshold
of 5 mV. This threshold is high enough to exclude noise and smaller features, whilst
not being so high as to clip the full-energy peak, as demonstrated by the mean of the
full-energy peak remaining constant.
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(a) Anode 55Fe spectrum with a reduced analysis threshold of
2.0 mV.
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5.0 mV.
Figure 5.5: Anode 55Fe spectra of a data file with reduced and standard analy-
sis thresholds. The reduced threshold reveals the noise peak and possibly additional
structure. The higher threshold isolates the 55Fe peak. The mean of the full-energy
peaks are 418± 10 and 420± 1 mVµs for the reduced and standard analysis thresholds
respectively.
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Smoothing — For the purposes of 55Fe calibration, 60 sample boxcar averaging can
be seen from Figure 5.6 to reduce the high frequency fluctuations underlying the longer
timescale pulses. This allows lower analysis thresholds and improves accuracy of pulse
parameterisation. Due to concerns of altering pulse shape features crucial for param-
eterisation, however, smoothing is currently only applied to 55Fe calibration data and
not to data from normal operation.
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(a) Waveforms of left MWPC only from a typical
55Fe event file prior to any smoothing.
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(b) Same waveforms as (a) after the application of
60µs boxcar smoothing.
Figure 5.6: A typical 55Fe event file before and after boxcar smoothing with a 60µs
smoothing window
Even with 55Fe data, where pulse shape information other than the area is not required,
the amount of waveform smoothing must be chosen with care as excessive smoothing
can act to flatten and widen the pulse profile. This reduces the amplitude of the pulse,
which has the same effect as increasing the threshold, and can reduce the measured pulse
area.
Currently, boxcar averaging is applied to 55Fe data prior to analysis. Boxcar averaging
involves replacing each waveform sample with the mean value of a chosen number of
adjacent samples, where the number of adjacent samples is determined by the smooth-
ing window. The Savitzky-Golay smoothing filter [147] is a more advanced smoothing
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algorithm that, instead of averaging the points within the smoothing window to a con-
stant, uses a least-squares method to fit a higher order polynomial within the smoothing
window. This algorithm is generally more effective at increasing signal-to-noise whilst
preserving important pulse shape features such as amplitude and width. The Savitzky-
Golay filter has been shown to be effective at revealing low energy features in DRIFT
data [148].
Figure 5.7 compares the effects of the boxcar and Savitzky-Golay smoothing methods.
In both cases there is a significant increase in signal-to-noise allowing analysis thresholds
well below the noise level of the unsmoothed data. The Savitzky-Golay smoothing is
seen to better preserve pulse amplitudes, with each of the five events in the waveform
remaining above threshold for a smoothing window width of 200µs, compared to only
two of the signals remaining above threshold for the of 200µs boxcar smoothed waveform.
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(a) A typical 55Fe event file before any smoothing (grey), after boxcar smoothing
with a 100µs window (red), and after boxcar smoothing with a 200µs window
(black).
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(b) The same 55Fe event unsmoothed (grey), after Savitzky-Golay smoothing with
a 100µs window (red), and after Savitzky-Golay smoothing with a 200µs win-
dow (black). A comparable reduction in noise is achieved but pulse heights are
affected less with all 5 events remaining above background for the 200µs window.
Figure 5.7: Comparison between boxcar and Savitzky-Golay smoothing algorithms
on the anode sum line of a typical 55Fe event.
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5.2.3 Stability of 55Fe analysis configuration
It was suspected from inspection of calibration data that more careful choice of smooth-
ing strategy might lead to more accurate 55Fe calibration results. Due to the relationship
between the amount of smoothing performed and the analysis threshold, the effects of
changing these parameters need to be considered in parallel. A single 55Fe data file,
containing 1000 event files, was analysed with 96 smoothing–threshold permutations in
order to determine an optimal configuration.
Figure 5.8(a) shows the effects of altering the smoothing window width for 4 different
thresholds when using the boxcar smoothing method. With the analysis threshold set at
5.0, 7.5 or 10.0 mV, increased smoothing flattens smaller pulses below threshold so that
only the largest events trigger the analysis, resulting in a largely overestimated mean
pulse area. With an analysis threshold of 2.5 mV however, the majority of events are
above analysis threshold even with the severe pulse shape flattening caused by boxcar
smoothing of >200µs. Therefore, at this threshold, the reduction in the pulse area
caused by increasingly aggressive smoothing is seen. The 5 mV threshold is most stable,
with the mean pulse area measured remaining fairly constant for smoothing windows up
to ∼100µs. The mean pulse areas on the grid wires, Figure 5.8(b), shows very similar
characteristics.
Figure 5.9 shows equivalent plots using the Savitzky-Golay smoothing filter. Although
similar effects are observed, the measured pulse area is generally more stable over vari-
ations in threshold and smoothing window width. It is seen that for smoothing window
widths up to ∼100µs and for thresholds from 2.5 to 7.5 mV there is convergence in the
measured pulse shape area to ∼480 mVµs. This indicates stability in the smoothing
algorithm and indicates that a threshold-smoothing configuration within these values
would be stable over significant changes in detector gain (as increased gain is equivalent
to reduced thresholds).
These results suggest that for optimal stability in 55Fe calibrations a Savitzky-Golay
smoothing filter with a smoothing window width of 40 to 80µs should be used in con-
junction with an analysis threshold of between 2.5 and 7.5 mV. A smoothing window
width of 60µs and a threshold of 5 mV are therefore used for 55Fe calibration throughout
this thesis.
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(a) Mean anode pulse area from 55Fe events as a function of smoothing window width.
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(b) Mean grid pulse area from 55Fe events as a function of smoothing window width.
Figure 5.8: Measured pulse area of 55Fe events as a function of smoothing window
width for boxcar smoothing algorithm. Analysis was performed at various thresholds
for each value of the smoothing window width.
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Anode Fe−55 using Savitzky−Golay filter
Smoothing bin width
M
e
a
n
 
pu
ls
e
 
a
re
a
 
(m
V 
µs
)
0 50 100 150 200 250 300
40
0
50
0
60
0
70
0
l l l l l l l l
l
l l l l l l l l
l
l
l l
l l l
l l
l
l
l
l
l
l
l l l l
l
l
l
l
l
l
l
l
Threshold
2.5 mV
5.0 mV
7.5 mV
10.0 mV
(a) Mean anode pulse area from 55Fe events as a function of smoothing
window width.
Grid Fe−55 using Savitzky−Golay filter
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Figure 5.9: Measured pulse area of 55Fe events as a function of smoothing window
width for Savitzky-Golay smoothing algorithm. Analysis was performed at various
thresholds for each value of the smoothing window width.
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5.2.4 Energy calibration on a per-channel basis
The existing 55Fe energy calibration procedure determines a separate NIPs conversion
factor for each of the left and right MWPCs, but assumes that each channel within the
MWPC has equal gain. While developing cuts comparing the charge collected on anode
wires compared to charge collected on grid wires (Section 5.4.1) it became apparent that
this is not the case, and that gains on individual anode channels varied by up to ∼20%.
To study this further, the standard 55Fe analysis was developed to allow separation of
55Fe events for individual lines. A standard six-hourly 55Fe dataset contains insufficient
events on a single line to allow a precise determination of the mean pulse area, so data
from ten 55Fe datasets were combined. Figure 5.10 shows individual line calibrations
for a combined dataset where variation between lines is evident with mean pulse areas
ranging from 427 to 520 mVµs.
It is clear from Figure 5.10 that the current procedure of grouping all lines within an
MWPC together under the assumption that all channels have uniform gain results in a
poor energy resolution in DRIFT.
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Figure 5.10: 55Fe calibration spectra of individual lines of left MWPC before tuning
of the shaping amplifiers. Values in plot legend indicate the mean pulse area from the
shown Gaussian fit.
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5.2.5 Long term stability
Having established non-uniformity in line gains, it is necessary to determine whether
the gains are constant in time. If so, the preamplifiers can be tuned to match each other
and all lines within an MWPC can continue to be grouped together in analysis. If the
gains do drift in time, however, gains will have to be determined on a per-channel basis
in analysis, which would require an increase in the amount of collected 55Fe data by
factor ∼8.
To investigate this, data from four years of 55Fe calibration runs were examined. The
mean pulse area of 55Fe events as measured on each individual line is plotted as a function
of time in Figure 5.11. It is observed that, although the overall gains change between
runs, the relative gains between lines generally remains fairly constant. Exceptions can
be seen in Figure 5.11 as lines that do not run parallel (see figure caption for details),
where each of these exceptions can be traced back in the DRIFT log books to changes
to the electronics, such as the replacement of damaged shaping amplifier chips.
The plots demonstrate that significant variations in gain of individual lines within an
MWPC have always been present, with gains varying by ∼10% on each MWPC. Im-
portantly this plot also demonstrates that the relative gains on each line are stable over
long periods of time. This suggests that, once the gains of the shaping amplifiers are
manually fine-tuned, the current method of producing a single NIPs conversion factor for
each MWPC will be adequate. However, periodic analysis of 55Fe data on a per-channel
basis, using the analysis techniques developed for this work, should be continued to
monitor the stability of amplifiers individually.
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(a) Left MWPC anode gains. Relative gains are generally stable from one run to the
next. Exceptions are Line 1 (black) between 500 and 1000 days and Line 3 (red)
at ∼2000 days. The DRIFT log book indicates replacement of shaping amplifiers
at these times.
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(b) Right MWPC anode gains. Line 14 is seen to have a significantly higher gain
throughout, until the re-tuning of the amplifiers at day 2350.
Figure 5.11: Gains of individual anode lines over time. Relative gains are constant
with anomalies explained by alterations to shaping amplifiers. The most recent data
point at 2350 days is after the tuning of the shaping amplifiers.
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5.2.6 Tuning shaping amplifier gains
Figure 5.12 plots the 55Fe spectra for individual lines after tuning the gains of all shaping
amplifiers. Compared to Figure 5.10 the mean pulse areas have a significantly lower
spread across the different lines, with a standard deviation of 8.4 mVµs, compared to
31.7 mVµs before tuning. In addition, the Gaussian fit to each of the single line datasets
has a smaller sigma than before tuning. This is due to the way the 55Fe event pulse
area is determined. An 55Fe event is defined as occurring on an individual line if only
that line crossed the analysis threshold. However, to account for any residual charge on
neighbouring wires that did not cross the analysis threshold, a region of the adjacent
wire on either side is also added to the overall pulse area of the event. If the gain
on neighbouring wires is different, as was the case before the tuning of the shaping
amplifiers, this increases the uncertainty in the pulse area determination, thus leading
to poorer resolution.
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Figure 5.12: 55Fe calibration spectra of individual lines of left MWPC after tuning
of the shaping amplifiers, to compare to Figure 5.10. Numbers in plot legend indicate
the mean pulse area from the shown Gaussian fit.
Figure 5.13 compares the 55Fe spectrum for the left MWPC with all lines combined be-
fore and after the tuning of the shaping amplifiers, showing a significant improvement in
energy resolution. Defining energy resolution as σE/E0, where σE is the standard devia-
tion and E0 is the mean, the left MWPC energy resolution improves from (17.8± 0.3)%
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to (13.8 ± 0.1)% and the right improves from (16.0 ± 0.2)% to (12.8 ± 0.1)% for data
taken directly before and after the tuning. Because of the lower signal-to-noise on the
grid lines a similar analysis of individual grid lines was not possible. Despite this, an
accurate re-tuning of the grid shaping amplifiers was applied at the same time, resulting
in a similar overall improvement in energy resolution from (21.7±0.5)% to (16.8±0.4)%
from directly before and after the amplifier tuning.
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Figure 5.13: 55Fe spectrum of left MWPC (all lines combined) showing an im-
provement in energy resolution from (17.8 ± 0.3)% before the shaper tuning (black)
to (13.8± 0.1)% after the shaper tuning (red).
5.3 WIMP analysis
In line with improvements to 55Fe calibration, improvement of the rest of the analysis
chain was attempted. This began with restructuring a large proportion of the existing
WIMP analysis code to make it more accessible and flexible to use, as well as enabling
it to be run on a computing cluster. The goal was then to identify cuts that might
be relaxed, removed, or replaced in order to improve efficiency for WIMP detection,
without harming background rejection.
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5.3.1 Parameterisation of hits
The data acquisition (DAQ) system described in Section 3.2.3 results in data from each
line being written to disk, starting 3 ms before the trigger point and terminating 7 ms
afterwards. The DAQ has a sampling rate of 1 MHz and a precision of 12 bits per
sample. Each event consists of this raw data from each of 42 lines associated with a
single trigger. These lines are the eight fiducial grid and eight fiducial anode lines for
each of two MWPCs, plus four veto lines and six virtual lines that store the sum of each
of the line types.
Oﬄine analysis begins with the identification of hits caused by the deposition of charge
on MWPC wires. This is done with the use of an analysis threshold, where an event file
may contain no hits if the analysis thresholds are set above the DAQ trigger threshold.
If the event was due to an extended particle trajectory in the target volume, several hits
may be associated with the same particle trajectory, in this case the hits are collectively
termed a track.
To remove artefacts at line edges from noise removal procedures, a region of interest
(ROI) is defined from −0.5 to 4.5 ms of the trigger time, with data outside of this
region excluded from all parameterisation. Each line within the event file is processed
individually. Derived hit parameters relevant to this WIMP analysis are described below:
Minimum and maximum voltage samples — Vmin and Vmax are the minimum and
maximum voltage samples on a line within the ROI. The points in time at which these
occur are tVmin and tVmax respectively.
Hit duration — For lines with identified hits, the tmin and tmax parameters define the
full extent of the hit in time. The parameter tmin is defined as the time of the last
baseline crossing before the first threshold crossing, while tmax is defined as the time of
the first baseline crossing after the last threshold crossing.
Hit pulse area — The pulse area of a hit, in units of mVµs, has two definitions.
Firstly Σ is defined only for lines with identified hits, and is given by the integral of
the voltage between tmin and tmax. The parameter Σsum is defined, for a given fiducial
line, as the integral of the voltage on that fiducial line between the tmin and tmax values
calculated from the hit on the sum line. Thus, assuming the sum line crosses the analysis
threshold, Σsum is defined for all lines making it useful for measuring residual charge on
neighbouring lines on which there is insufficient charge to produce a hit.
Voltage-weighted mean time — A measure of the centre of the charge distribution
in time is determined by the voltage-weighted mean time t¯ over the samples tmin to tmax,
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given by
t¯ =
tmax∑
t=tmin
(Vt × t)
tmax∑
t=tmin
Vt
(5.1)
where Vt is the voltage sample at time t.
Smoothed derivative crossings — The number of hits on an individual line is an
important parameter. Ionisation tracks from WIMP-induced nuclear recoils are much
less than 16 mm long, so only a single hit is expected on any given line. Therefore,
for a WIMP search, a single line with more than one hit should be cut. In contrast,
typical alpha tracks are 10s of cm in length and, due to the MWPC wire grouping
(Section 3.2.3), usually result in multiple hits on a single line. In this case each hit on
a line corresponds to charge deposition on a separate wire 8 mm from the first, so the
number of hits provides the track range in x. Simply counting the number of times the
line crossed a threshold was found to be ineffective, since it is affected by noise and is
susceptible to baseline drifting during the event. A more accurate hit count comes from
taking the derivative of the smoothed line (20µs boxcar smoothing) and counting the
number of times this line crosses the threshold. The result is the parameter sdCrossings.
Risetime — The risetime of a hit is defined as the time taken for the hit to rise from
25% to 75% of Vmax
1. The risetime at the output of the preamplifier would be of
particular interest, since the shape of the leading edge should contain information on
the charge density of the track as it arrives at the anode wire. The signal recorded
here, after the aggressive filtering of the shaping amplifiers, however, contains much less
of this information. It is, however, a useful parameter for identifying particularly fast
pulses. Revisions of the electronics to remove aggressive pulse shaping electronics are in
development within the collaboration
First full width at half maximum — The FWHM of a pulse is its width at half of its
maximum amplitude, which may have more than one value. The parameter FFWHM,
the first FWHM, is defined as the time difference between the first voltage sample below
0.5Vmax on either side of tVmax . The parameter FFWHM thus characterises the spread
of the core of the hit.
1Typically rise time is defined as the time taken for the leading edge to rise between 10% and 90%
of the peak height [114], but the electronic noise in the DRIFT data currently does not permit this.
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Root mean square time deviation — The RMST is a determination of the spread
of the charge calculated by
RMST =
√√√√√√√√√√
tmax∑
t=tmin
(Vt(t− t¯)2)
tmax∑
t=tmin
Vt
(5.2)
where Vt is the voltage sample at time t, and t¯ is the voltage-weighted mean time defined
in Equation 5.1.
In contrast to FFWHM, the RMST characterises the entire pulse from tmin to tmax,
where the square of the deviation from the mean puts particular emphasis on the tails of
the pulse. The combination of the RMST and FFWHM parameters has shown to be very
effective in removing a particular class of background event, described in Section 5.4.
5.3.2 Rebound hits
Unphysical pulse shapes may appear as hits, particularly where the event involves de-
position of a large amount of charge. Examples of this phenomenon are lines LA2, LA3
and LA4 in the event shown in Figure 5.14(a). Large charge depositions on all other
lines have produced induced pulses of negative polarity on these lines that, due to the
complex signal induction process and aggressive shaping electronics, acquire a signifi-
cant positive overshoot. This positive overshoot crosses the analysis threshold and may
be identified as a legitimate hit. Such hits are called rebound hits and are identified
by |Vmin/Vmax| > 2 and tVmin < tVmax . In a WIMP analysis rebound hits are excluded
from parameterisation of the event. Alpha hits can occasionally mistakenly be tagged as
rebound hits, so removal of rebound hits is not performed for analyses of alpha events.
5.3.3 Stage 1 cuts
After all events have had rebound hits identified and excluded from the defined track,
the following cuts, each identified by a numerical index in parentheses, are applied:
Zero NIPs cut — anodeZeroNipsCut (1.1) removes any event in which no individual
anode line registers a hit. This removes events where no anode line crosses the analysis
threshold or where all lines with identified hits are excluded by the rebound cuts.
Time cuts — anodeTminCut (1.2), anodeTmaxCut (1.3), gridTminCut (1.5) and gridT-
maxCut (1.6) remove events in which there is one or more hits that extends outside of the
Chapter 5. DRIFT-II data analysis 131
ROI. This removes events that are not fully contained and hence may not be properly
parameterised. This mostly acts to remove large unphysical events such as those caused
by baseline wander or microphonics, but can also remove some alphas with particularly
long ∆z as shown in Figure 5.14(b).
Clipping cuts — anodeClippingCut (1.4) and gridClippingCut (1.7) remove any events
in which one or more hit has a value of Vmax > 999 mV or Vmin < −999 mV. This
removes events in which any hit exceeds the ±1 V voltage range of the digitisers. It is
not possible to accurately determine the ionisation of these events and no useful event
occurring within the fiducial volume would produce sufficient dE/dx to exceed this
voltage range. This cut mainly removes large sparks, an example of which is shown in
Figure 5.15(a). In addition, hits out of the range of the digitisers may be caused by
alpha tracks that pass through the MWPC plane. Such events may liberate ionisation
electrons in the high field region surrounding the anode wires, in which electrons do
not attach to negative ions but instead drift with high velocity to the anode wire. The
electrons arrive in a very short time creating a spark-like charge deposition, as shown in
the alpha event in Figure 5.14(b).
Veto cuts — vetoCut (1.8) removes events where the veto sum line exceeds 25 mV
within the ROI. This cut excludes events that exit or enter the fiducial volume from
outside, which would deposit charge on the veto line as a consequence. These events fail
the requirement of full containment.
5.3.4 Parameterisation of events
The hit parameterisation stage characterises each identified hit within an event by a set
of parameters. The event parameterisation stage is then performed for each event that
passes the stage 1 cuts, and reduces the data further by characterising the entire event
by a single set of parameters.
Some event parameters are determined directly from the set of hit parameters, as follows:
• anodeHits — the number of anode fiducial lines with an identified hit.
• anodeNips — the sum of Σ from all anode fiducial line hits multiplied by the
anode NIPs conversion factor, determined by 55Fe calibrations as described in
Section 5.2.2.
• anodeSumNips — Σ of the hit on the anode sum line multiplied by the anode NIPs
conversion factor.
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(b) An alpha event that passes though the MWPC,
railing the digitiser at t ≈ 0, and extending out
of the ROI with tmax > 4500µs.
Figure 5.14: An event with hits excluded by the rebound hits cut (a), and an event
cut by both the stage 1 clipping cuts and the stage 1 time cuts (b).
• gridSumNips — Σ of the hit on the grid sum line multiplied by the grid NIPs
conversion factor.
• anodeMinTmin and gridMinTmin — the minimum of all the tmin values for hits
on anode and grid fiducial lines respectively.
• anodeMinRisetime — the minimum of all risetime values for hits on anode fiducial
lines.
• anodeMinFfwhm — the minimum of all FFWHM values for hits on anode fiducial
lines.
• anodeMaxSdCrossings — the maximum sdCrossings value from all anode fiducial
lines.
• gridPhRatio — the ratio of the largest to the second largest Vmax from all the grid
fiducial lines.
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Figure 5.15: Example events removed by stage 1 clipping cuts (a), and by stage 3
anodeNips to anodeSumNips cut (b).
Additional event parameters are derived from an additional virtual line, named the anode
track line. This is formed by going back to the event file and summing the waveforms of
all lines that contain hits. The anode track line is similar to the sum line, but does not
contain the noise and induced pulses from lines containing no hits. The same parameters
that were produced for individual lines, described previously in Section 5.3.1 are then
generated for the anode track line. Parameters derived from this line are:
• anodeTrackNips — Σ for the anode track line multiplied by the NIPs conversion
factor.
• anodeTrackRmst — RMST for the anode track line.
• anodeTrackSigma — defined as FFWHM/2.35 for the anode track line.
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5.3.5 Stage 2 cuts
Stage 2 cuts select, from all the fully contained events that pass the stage 1 cuts, subsets
of events of interest for a particular analysis. For example, alpha-like events, or WIMP-
like events. The priority at this stage is to keep the vast majority of interesting events
for the chosen analysis, particularly WIMP-like events, even if this means that some
marginal backgrounds or unphysical events pass these cuts.
The stage 2 cuts used to select WIMP-like events are described here. Modifications of
the cuts are also useful for identifying other (non-WIMP) event classes, which are also
described. Each cut is again given a numerical index in parentheses.
Sides hit — singleSideCut (2.1) removes events based on whether hits are identified on
one or both MWPCs. For WIMP analyses this cuts events with at least one identified
hit on each MWPC, since the probability of a WIMP interaction occurring twice in the
detector is negligible, as is the probability of a WIMP-induced nuclear recoil crossing
the central cathode plane.
Lines hit — eightLineCut (2.2) removes events where all 8 lines in the anode plane
contain hits. WIMP tracks are expected to have a range less than the 16 mm distance
between adjacent wires connected to a given line. The cut can be tailored for other
event subsets. For example, when studying alpha tracks, requiring all 8 lines to have
hits rejects non-alpha events with high efficiency.
Adjacent hits — adjacentCut (2.3) removes events in which the pattern of hits does
not occur on adjacent wires. This is applied to all analyses for all event classes, since
tracks are always expected to be continuous, and events containing more than one track
are very rare.
Hits per line — anodeMaxSdCrossingsCut (2.4) removes events based on the maximum
number of hits on a single anode fiducial line. For WIMP events there should be a max-
imum of one hit on an individual line corresponding to a cut of anodeMaxSdCrossings
< 3, however because of the signal overshoot introduced by the cross-induced signals
and amplification electronics, a cut of anodeMaxSdCrossings < 5 is instead applied.
This cut also removes so-called ‘ringer events’, an example of which is in Figure 5.16(a).
These background events have similarities with nuclear recoil events, but with an oscil-
latory ‘ringing’ superimposed on the event pulse. These events have been present in the
DRIFT detector for some time but their origin remains largely unknown [109], though
their frequency appears to be correlated with periods of suspected gas contamination.
The anodeMaxSdCrossingsCut is effective at detecting the multiple pulses present in
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ringer events and is thus an effective parameter for removing them. A cut of anode-
MaxSdCrossings > 5 is used to preferentially select alpha events, which, due to the
grouping of MWPC wires, typically produce many pulses on each line.
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(b) An event cut by both the anodeSum-
Nips/gridSumNips cut and the anodeTrack-
Sigma/anodeTrackRmst cut
Figure 5.16: Events cut by stage 2 and final stage cuts.
5.4 Final stage cuts
Data reduction proceeds on the assumption that all events remaining in the WIMP-
search run are background events, and that neutron-induced nuclear recoils from 252Cf
calibration runs closely mimic the expected WIMP-induced nuclear recoils. The final
stage cuts are thus developed by comparison of the two datasets to eliminate events
from the WIMP-search data whilst maximising the number of events retained from the
neutron data. The following cuts were developed from WIMP-search data totalling 47.36
days livetime between 16 Dec 2009 and 15 Feb 2010, and three neutron calibration runs
totalling 1.84 days livetime taken at the beginning, middle, and end of the WIMP-search
data.
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5.4.1 NIPs Ratio cuts
anodeSumNips to gridSumNips ratio (3.1) — Events having a ratio of anodeSum-
Nips to gridSumNips outside the range 0.78 to 1.22 are cut. As the avalanche caused by
normal events should generate equal amounts of positive and negative charge, the ratio
of the charge deposited on the anode and grid wires should be approximately 1. The
accepted range is within 3 sigma of the anodeSumNips to gridSumNips ratio exhibited
during neutron calibration runs, shown in Figure 5.17(a).
Figure 5.17(b) illustrates the two main event populations that this cut excludes from the
WIMP-search data set. The first, labelled 1 in Figure 5.17(b), consists of events below
∼1000 NIPs, which span a range of anodeSumNips / gridSumNips values. Figure 5.18(a)
shows a typical event from this population, in which there is a distinct signal on a
single anode wire, but only a small charge distributed across all grid wires. The second
population, labelled 2 in Figure 5.17(b), consists of events of all NIPs values and a
anodeSumNips / gridSumNips value of ∼1.6. A typical event from this population is
shown in Figure 5.18(b) and consists of multiple anode hits, some of which have fast
leading edges. The exact sources of these events are unknown but it is suspected that
they originate from interactions on the surfaces of wires within the MWPC plane between
the anode plane and the outer, non-instrumented grid plane. This would result in the
full charge deposition being detected on the anode wires, but only a fraction of the
charge reaching the inner, instrumented grid wires. It is suspected that the smaller
population 1 events may be caused by recoiling nuclei from decays on the wire surfaces
of the MWPC, whereas the longer population 2 events may be from alpha particles that
originate within the MWPC but travel outwards so that they are only partially detected.
It is seen that, although the vast majority of population 2 events are removed by the
cut, population 1 extends through the signal region such that a fraction of these events
will remain after this cut. This cut reduces the WIMP-search run event rate by 48%
whilst reducing the background subtracted neutron event rate by only 25%.
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(a) Data from 1.84 days livetime with exposure to 252Cf neutron source.
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(b) Data from 47.36 days livetime of WIMP-search runs.
Figure 5.17: anodeSumNips to gridSumNips ratio as a function of anodeSumNips for
neutron and WIMP-search runs. Black lines indicate 3 sigma rejection region. Events
outside of this region are cut. Circled regions illustrate the two separate background
populations discussed in the text.
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(a) A typical event from population 1 of Fig-
ure 5.17(b).
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(b) A typical event from population 2 of Fig-
ure 5.17(b).
Figure 5.18: Two events cut by the anodeSumNips to gridSumNips ratio cut. It is
suspected that these events originate from interactions within the MWPC between the
anode plane and the uninstrumented outer grid plane.
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anodeNips to anodeSumNips ratio (3.2) — Events having a ratio of anodeNips
to anodeSumNips outside the range 0.99 to 1.15 are cut, since the summed charge of
individual anode fiducial line hits should approximately equal the charge of the hit on
the anode sum line. The acceptance region, marked by the black horizontal lines in each
figure, was determined from a 3 sigma fit to the neutron population in Figure 5.19(a).
An anodeNips to anodeSumNips ratio below 1 implies ‘missing charge’. That is, there
is insufficient charge in the identified anode fiducial line hits to account for the charge
seen on the anode sum line. The majority of events that fail this cut occur at low
energy, forming the population circled in Figure 5.19(b). These events are typically
low charge density events, an example of which is shown in Figure 5.20(a). The low
charge density results in a large fraction of the overall event charge appearing on lines
in insufficient density to cross the analysis threshold, and hence is not included in the
anodeNips calculation.
The low charge density and relatively high rate of these events is consistent with electron
recoils from gamma events. This is also consistent with the observation that there is
a higher rate of events in this region during neutron source exposure in comparison to
WIMP-search data, as shown in Figure 5.19. Other events rejected by this cut include
some higher energy events in which lines have been incorrectly identified as ‘rebounded
pulses’ and hence are not included in calculation of the anodeNips parameter. This is
usually caused by the effects of large cross-induced pulses, as shown in Figure 5.20(b).
This cut reduces the WIMP-search run event rate by a further 73% whilst reducing the
background subtracted neutron event rate by 47%.
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(a) Data from 1.84 days livetime with exposure to 252Cf neutron source.
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(b) Data from 47.36 days livetime of WIMP-search runs.
Figure 5.19: anodeNips to anodeSumNips ratio as a function of anodeSumNips for
neutron and WIMP-search runs. Horizontal black lines indicate 3 sigma rejection re-
gion. Events outside of this region are cut. Circled region illustrates a background
population of low dE/dz events, discussed in the text.
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(a) An event with low charge density resulting in
‘missing charge’.
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(b) An event with ‘missing charge’ due to anode
line LA6 mistakenly identified as a rebound
pulse and thus not included in the anodeNips
parameter.
Figure 5.20: Two events cut by the anodeNips to anodeSumNips ratio cut.
Chapter 5. DRIFT-II data analysis 142
5.4.2 RMST vs. NIPs plots
The distribution of events in a plot of recoil range as a function of recoil energy has been
shown to be effective in identifying different classes of events [118, 149]. In this work the
distribution of events in the anodeTrackRmst vs. anodeTrackNips plane was found to be
the best measure of this, where anodeTrackRmst is a measure of how long the track is
in the direction parallel to the drifting charge, and anodeTrackNips is a measure of the
charge, which is proportional to the recoil energy of the event. It should be noted that,
since anodeTrackRmst is the range in the z direction only, it is affected not only by the
total range of the track, but also by the track orientation.
Despite this, it has been shown that in this plane it is possible to achieve some sepa-
ration between the population of events that occur during exposure to a 252Cf neutron
source, and the populations of events that occur during a WIMP-search run. Because
it is assumed that neutron-induced nuclear recoils closely mimic WIMP-induced nuclear
recoils, a separation of events occurring during neutron runs from the backgrounds cur-
rently seen during WIMP-search runs, allows an acceptance region to be defined that is
free of background events, but in which WIMP-induced nuclear recoils may occur.
Figure 5.21 plots the events remaining in the anodeTrackRmst vs. anodeTrackNips
plane for neutron data (red) and WIMP-search data (blue), after application of cuts 1.1
through 3.2, as described above. Distinct populations of background events are seen in
the WIMP-search run data that are not seen in the neutron data. Investigation into
the sources of these populations is the subject of the next chapter. In this chapter the
remaining cuts required to achieve a background-free acceptance region are discussed.
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Figure 5.21: Events from neutron runs (red) and WIMP-search runs (blue) in the
anodeTrackRMST vs. anodeTrackNips plane with cuts 1.1 through 3.2 applied.
5.4.3 Pulse shape cuts
It is clear from Figure 5.21 that WIMP interaction searches using only the cuts described
above would be ineffective, since the high level of remaining background events are
directly over the region where WIMP events are expected. Attempts are made to remove
as many of these background events as possible, whilst retaining the neutron-induced
events, by cuts based on event pulse shapes. This is achieved through a manual search
of event files to identify differences in events from WIMP-search runs and neutron runs
in the same region of the RMST vs. NIPs plane. Differences between neutron and
background events are particularly evident in the region of ∼12µs RMST. The following
cuts are based on these observed differences.
anodeTrackSigma to anodeTrackRmst ratio (3.3) — Events with anodeTrack-
Sigma/anodeTrackRmst of below 0.9 are cut. Figure 5.22 compares a typical neutron
event and background event of ∼11µs. It can be seen that the event from the neutron
exposure has a more Gaussian profile, whereas the event from the WIMP-search run has
a wider base and a narrower peak. The source of these events is investigated in the next
chapter. A powerful discriminant for this type of event is found by comparing the anode-
TrackRmst to the anodeTrackSigma. For the Gaussian profile of the events in the neutron
runs, these values are approximately equal. However, for an event with a wide base and
narrow peak, such as that in Figure 5.22(a), the anodeTrackRmst is considerably larger
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than the anodeTrackSigma. Figure 5.23 shows that during WIMP-search runs the major-
ity of events have anodeTrackSigma/anodeTrackRmst < 0.7. During neutron exposure,
however, events are mostly distributed about anodeTrackSigma/anodeTrackRmst ≈ 1,
with events of lower values approximately consistent with background.
The background population appears to extend into the region in which neutron events
occur, with no distinct separation. The cut is, however, very effective — removing 78%
of the remaining background events, whilst reducing the background subtracted neutron
rate by only 15%.
−100 −50 0 50 100 150 200
−
40
0
−
20
0
0
20
0
40
0
60
0
drift2d−20091216−03−0003−wimp − Event 6413
anode.Nips.right = 1644, delta.z.right = 4.6 mm
Time (µs)
Am
pl
itu
de
 w
ith
 a
rb
itr
a
ry
 o
ffs
et
 (m
V)
1490 44(11)
0(−2) −1(−1)
0(56) −1(−1)
1527(1400) 15(9)
0(61) −2(−2)
0(16) −1(−1)
0(−1) −1(−1)
0(−15) −1(−1)
0(−24) −1(−1)
0(−9) 8(3)
0(−2) −1(−1)
0(−6) −1(−1)
1772 48(11)
330(311) 39(27)
642(639) 28(31)
235(225) 29(24)
134(129) 11(5)
0(103) −1(−1)
0(115) −1(−1)
0(133) −1(−1)
133(116) 9(4)
RAS
RA1
RA2
RA3
RA4
RA5
RA6
RA7
RA8
RVS
RVA
RVG
RGS
RG1
RG2
RG3
RG4
RG5
RG6
RG7
RG8
(a) Typical event from a WIMP-search run with an
anodeTrackRmst of 10.6µs and a anodeTrack-
Sigma of 6.80µs.
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(b) Typical event from a neutron exposure with an
anodeTrackRmst of 11.8µs and an anodeTrack-
Sigma of 11.9µs.
Figure 5.22: Comparison of a typical background and neutron event of ∼1700 NIPs
and RMST of ∼11µs. The event occurring during neutron exposure has a more Gaus-
sian shape.
Chapter 5. DRIFT-II data analysis 145
Dataset: Wire_cathode − 1.84 / 47.36 days
anodeSigmaRmstRat io
Ev
e
n
ts
 p
er
 d
ay
 p
er
 b
in
 w
id
th
 o
f 0
.0
2
0.0 0.5 1.0 1.5 2.0
0
20
0
40
0
60
0
80
0
l
llllllllllllllll
llll
lll
l
l
l
l
ll
lll
l
l
l
lll
l
l
ll
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
ll
llllllllllllllllllllllllllllll
l
l ll llll
ll
l
l
l
l
l
llll
l
l
lllllllllllllllllllllllllllllllllll
l
l
Total events per day:
neut =12370±82
wimp =2125±6.7
Figure 5.23: Ratio of anodeTrackSigma to anodeTrackRmst for events during neutron
exposure (red) compared to events from WIMP-search data (blue). All events to the
left of the black vertical line are cut, removing 78% of events from WIMP-search data
whilst reducing the background subtracted neutron rate by only 15%.
gridPhRatio (3.4) — The gridPhRatio parameter is the ratio of the largest to second
largest Vmax value from all grid fiducial lines. Events with a gridPhRatio greater than
1.4 are cut. This cut comes from the observation that events occurring during WIMP-
search runs typically produce a particularly pronounced peak on one grid wire, as is
seen in the event in Figure 5.22(a). This is in comparison to the event from the neutron
run in Figure 5.22(b), in which similar charge is deposited on all grid wires. Figure 5.24
shows that above a gridPhRatio of 2 the neutron data is consistent with background,
confirming that these events are not the result of nuclear recoils. However, again, there
is no clear separation between this population and the peak in the neutron source data
indicating the expected gridPhRatio of nuclear recoil events.
A cut at 1.4 is found to maximise rejection of background events whilst retaining rea-
sonable efficiency of neutron events. This cuts 64% of events from the WIMP-search
run while reducing the accepted background subtracted neutron rate by only 16% when
applied independently to the anodeTrackSigma to anodeTrackRmst ratio cut.
When applied in conjunction with the anodeTrackSigma to anodeTrackRmst ratio cut,
these form an extremely strong background removal technique reducing the rate during
WIMP-search runs by 83% whilst reducing the background subtracted neutron event
rate by only 28%. Figure 5.25 shows the remaining events on the NIPs vs. RMST plot
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Figure 5.24: Frequency plot of gridPhRatio. Events with gridPhRatio & 2 have
rates during neutron source exposure consistent with WIMP-search data. Events to
the right of the black vertical line at gridPhRatio = 1.4 are cut, which reduces WIMP-
search event rate by 64% while reducing the background subtracted neutron rate by
16%.
with all the above cuts applied. When compared to Figure 5.21 it is seen that cuts 3.3
and 3.4 have eliminated the majority of WIMP-search run events with an RMST of 8 to
13µs and NIPs above ∼800, while a reasonable number of neutron events in that region
remain.
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Dataset: Wire_cathode − 1.84 / 47.36 days
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Neutron events: 14125
WIMP events: 16841
Figure 5.25: Events from neutron runs (red) and WIMP-search runs (blue) in the
anodeTrackRMST vs. anodeTrackNips plane with cuts 1.1 through 3.4. Compared to
Figure 5.21, the events from the WIMP-search run in the region ∼8 to 12µs and above
∼800 NIPs have largely been eliminated.
5.4.4 Additional pulse shape cuts and signal region
anodeMinRisetime (3.5) and anodeMinFfwhm (3.6) cuts — Events with
anodeMinFfwhm < 26 or anodeMinRisetime < 7 are cut. This identifies and cuts events
in which one or more hits on the anode fiducial lines are fast. This was due to the
observation that, of the events remaining in the 8 to 13µs window that has opened up
in the RMST vs. NIPs plane, they were found generally to consist of faster pulses.
These cuts are less discriminant than the pulse shape cuts described in Section 5.4.3
and, whilst achieving a 85% reduction in background events, also reduce the remaining
background subtracted neutron rate by 46%. The combination of pulse shape cuts, how-
ever, eliminates the remaining lower RMST events from the WIMP-search runs leaving
a background-free region in the RMST vs. NIPs plane, as illustrated in Figure 5.26.
The procedure developed here has resulted in a signal region in the RMST vs. NIPs
plane, illustrated in Figure 5.26, in which no events occur during the 47.36 days of
WIMP-search data. In the 1.84 days of neutron exposure data 1995 events occur within
the signal region implying sensitivity to WIMP-induced nuclear recoils. A previous
DRIFT analysis, to be published, consisted of the same 47.36 days WIMP-search data
but used a single neutron run consisting of 0.82 days livetime on 16 Dec 2010 [118].
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This previous analysis resulted in 1830 events from the neutron exposure passing all
cuts and a background-free signal region that contained 228 events from the neutron
exposure. The analysis presented here, considering the same 0.82 days livetime neutron
run, results in 2422 events passing all cuts (1.1 through 3.6), and a signal region that
contains 538 events.
Dataset: Wire_cathode − 1.84 / 47.36 days
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Figure 5.26: Events from neutron runs (red) and WIMP-search runs (blue) in the
anodeTrackRMST vs. anodeTrackNips plane after all cuts. Signal region contains no
events from the 47.36 days of WIMP-search data but 1995 events from the 1.84 days
of neutron data.
5.5 Conclusion
A significant restructuring of existing code has been performed to increase the efficiency
and flexibility of the DRIFT analysis software. Within the optimised analysis framework
all existing cuts have been investigated and removed, tuned, or replaced with newly
developed cuts. The resulting cuts are summarised in Table 5.2. The overall effect of
the new cuts and procedures results in an increase in the neutron efficiency by a factor
of 2.4 — translating into increased sensitivity to WIMP dark matter interactions. The
zero background signal region that has been developed will be used to determine a limit
on the WIMP-proton interaction cross-sections in Section 7.2.
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Cut Events per day
WIMP-
search
Neutron Back. sub.
neutron
Total triggered events (no cuts) 96520±45 153120±250 56600±250
All stage 1 cuts 33450±30 70780±200 37330±200
All stage 2 cuts 15100±18 41080±150 25980±150
anodeSumNips/gridSumNips cut (3.1) 7923±13 27340±120 19420±120
anodeNips/anodeSumNips cut (3.2) 2127±7 12370±80 10240±80
anodeTrackSigma/anodeTrackRmst cut (3.3) 470±3 9130±70 8660±70
gridPhRatio cut (3.4) 356±3 7680±70 7320±70
anodeMinRisetime cut (3.5) 249±2 5940±60 5690±60
anodeMinFfwhm cut (3.6) 216±2 4860±50 4640±50
Events in signal region 0 1084±24 1084±24
Table 5.2: Effect of cuts on event rates. Showing the event remaining after each
cut (first column, with cut index shown in parentheses) for WIMP-search data (second
column), neutron data (third column), and background subtracted neutron data (fourth
column).

Chapter 6
Long-term study of backgrounds
in DRIFT-IId
The previous chapter introduced selection cuts that permit separation of a portion of
neutron-induced nuclear recoil events from all backgrounds. In developing these cuts it
was observed that, in the RMST vs. NIPS plane, the background separates into four
distinct populations. In this chapter, a systematic study of over three years of data is
undertaken for two of these populations, with the aim of understanding the sources of
these backgrounds. Ultimately it is hoped to reduce or eliminate these backgrounds,
permitting an increase in the size of the acceptance region, leading to a corresponding
improvement in WIMP detection efficiency. This is the first systematic long-term study
of backgrounds attempted in the collaboration.
Section 6.1 outlines the known backgrounds in DRIFT-IId. Section 6.2 introduces new
methods developed by the author for measuring rates of these backgrounds. Rates
of the identified backgrounds over long time periods are presented in Section 6.3 and
conclusions from this analysis are drawn in Section 6.4.
6.1 Background events in DRIFT-IId
A general discussion of backgrounds in direct dark matter detectors is covered in Sec-
tion 2.2. In DRIFT, backgrounds can be classified by considering the energy and range
of the identified track. Recoil-like tracks are tracks with a range of a few mm consisting
of a few hundreds to thousands of negative ion pairs (NIPs). Alpha-like tracks have a
range of a few cm and consist of many thousands to tens of thousands of NIPs.
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6.1.1 Alpha-like background events
Alpha particles in DRIFT originate in the Uranium and Thorium decay chains. U
and Th are present in the cavern rock, the materials used in the construction of the
lab, the stainless steel vacuum vessel and components of the detector itself. Alpha
particles generated in these bodies, however, have too little penetrating power to enter
the DRIFT detector volume. The dominant mechanism for alphas in DRIFT is therefore
from impurities deposited on surfaces inside the detector, and radon, a radioactive gas
generated in the U and Th decay chains, that decays via alpha emission.
Alphas entering the detector fiducial volume from outside will cause hits in the veto and
be cut at stage 1 reduction (Section 5.3). Alphas contained within the fiducial volume
produce a distinctive long track, resulting, because of the grouping of every eighth
MWPC wire (Section 3.2.2), in periodic deposition of charge on each of the eight lines.
Figure 6.1 shows a typical alpha event in DRIFT-IId, which has a range of ∼240 mm.
In a WIMP analysis alpha tracks are cut by the eightLineCut, since they hit all eight
lines, and also by the final acceptance region, since the RMST of an alpha will typically
be very long. Alpha tracks are, therefore, trivial to separate from WIMP interactions.
Although direct alphas can be cut, a far subtler and more problematic background
is caused by alpha decays on detector electrodes where the alpha particle is emitted
into the electrode, and the daughter nucleus recoils into the detector volume. These
recoiling nuclei produce events potentially indistinguishable from WIMP-induced nuclear
recoils, and so are a troublesome background for DRIFT and other direct dark matter
detectors. These events, termed radon progeny recoils (RPRs), are discussed further in
Section 6.1.4.
6.1.2 Alpha events as a diagnostic for DRIFT
Although typical alpha events can be eliminated by cuts, they are interesting for the
purposes of characterising the detector. Alpha tracks in the DRIFT detector can be
considered in three categories:
1MWPC alpha events — Alpha events that are fully contained within a single side
(left or right) of the fiducial volume are defined as 1MWPC alpha events. Such events
are defined as having no hits on the veto channels so cannot be from emanation from
the vacuum vessel walls and must originate from inside the fiducial volume. Such events
must, therefore, originate from radioactive decays in the target gas, or on the surface of
the electrode wires that define the fiducial volume. The alpha event in Figure 6.1 is a
typical 1MWPC alpha event.
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Figure 6.1: Event file for a typical alpha event. No charge is deposited in the left-
hand side of the detector but a large event is seen on the right MWPC. The grouping
of every eighth MWPC wire results in periodic charge deposition on each line, where
each hit corresponds to charge deposition on a separate wire 16 mm away.
Gold-plated cathode-crossing alphas — The decay of an atom that is suspended
in the target gas may produce an alpha track that is fully contained within the fiducial
volume and passes through the central cathode. Such an event will result in alpha tracks
in both MWPCs — a signature that can only be produced by the decay of radionuclides
suspended in the target gas. These events are referred to as gold-plated cathode-crossing
(GPCC) events, because of their well defined source. The rate of GPCCs is therefore a
direct measure of the level of radon contamination in the target gas. Figure 6.2 shows a
typical GPCC event where the alpha track is split over both MWPCs. The coincidence
in the end time of the tracks on each side (at ∼3500µs) confirms that these are two
halves of the same track, and not two separate alphas in coincidence.
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Figure 6.2: A typical GPCC event in which a distinct alpha signal is seen on both
MWPCs. The track ends simultaneously on each side, at ∼3500µs, indicating that
these are two halves of the same track.
Alpha-tagged recoil events — The random orientation of alpha emission from a
radioactive isotope on the surface of a wire can lead to a variety of ionisation tracks
in the fiducial volume. One track type of particular interest is that where a decay on
the surface of a central cathode wire results in an alpha being emitted into one side of
the fiducial volume, whilst the daughter nucleus recoils into the other side. This type
of event can only be created by the decay of an atom on the surface of the central
cathode wire and thus offers a direct measure of contamination on the central cathode
wires. It should be noted that a cathode-crossing alpha event that is almost entirely
on one side, with only a few mm on the other, could look identical to an alpha-tagged
recoil event. However, the rate of these events is estimated to be small compared to the
overall alpha-tagged recoil event rate. A typical alpha-tagged recoil event is shown in
Figure 6.3.
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Figure 6.3: A typical alpha-tagged recoil event. The left-hand side MWPC contains
an alpha track and the right-hand side contains a recoil-like event that passes all the
WIMP analysis cuts defined in Section 5.3. The coincidence in time between the alpha
event on the left and the recoil-like event on the right, at 2500µs, confirm that these
are two parts of the same event, separated by the central cathode.
6.1.3 Recoil-like background events
The decay of a hypothetical radionuclide contaminant on the surface of a wire (either in
the central cathode or an MWPC) could result in a recoil-like event if the alpha particle
is ejected into the wire, while the recoiling daughter nucleus is emitted into the fiducial
volume. Alpha emissions from the U and Th decay chains have energies ranging from 5.9
to 9.0 keV. From conservation of momentum, the recoiling nucleus, with an atomic mass
of ∼200, has an energy of ∼100 keV. A nuclear recoil of this energy scale is precisely what
is expected from a WIMP-induced nuclear recoil, making this background potentially
indistinguishable from dark matter signal events on an event-by-event basis. A typical
recoil-like event from a neutron exposure is shown in Figure 6.4.
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Figure 6.4: A typical recoil-like event from a neutron calibration run. The event
spans anode lines RA5 to RA7 in the right-hand side MWPC.
6.1.4 Radon progeny recoils in DRIFT
As shown in Section 5.3, the selection cuts leave a population of nuclear recoil-like
events in the dataset. It has long been suspected that nuclear recoils from decays of
radionuclides on the central cathode wires are a significant source of recoil-like events
in DRIFT. A long-standing hypothesis for the source of radionuclides on the central
cathode wires is that they originate from radon contamination in the detector volume.
This background is termed the radon progeny recoil (RPR) background.
Radon isotopes 222Rn and 220Rn are gaseous radioactive isotopes from the uranium
and thorium decay chains respectively. Radon gas is known to be present in the Boulby
Underground Laboratory and is expected to penetrate the imperfect seals of the vacuum
vessel, contaminating the target volume. In addition, some detector components, such
as circuit board materials and wire insulation, are known to contain trace elements of
U and Th that are a source of further radon contamination in the fiducial volume [113].
The detection of cathode-crossing alphas, described in Section 6.1.1, is direct evidence
of radon contamination in the target volume.
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Figure 6.5 illustrates how radon contamination could lead to recoil-like background
events in DRIFT with target gas contamination of the radioisotope 222Rn. The particle,
suspended in the gas, decays via the emission of a 5.6 MeV alpha, which can easily be
identified as such in DRIFT. However, the daughter product is an unstable 218Po atom,
which may be produced positively charged [113]. In this case the 218Po
+
ion would be
attracted to the negatively charged central cathode plane, where it would plate-out on
the wire surface.
The 218Po isotope on the surface of the cathode wire then decays, with a half-life of 3.10
minutes, by emission of a 6.11 MeV alpha. An alpha of this energy has a range of ∼14µm
in the stainless steel of the 20µm central cathode wires. This geometry, illustrated in
Figure 6.5, and the random orientation of the alpha decay result in a number of possible
event types from this decay, including a WIMP-mimicking recoil-like event.
Furthermore, as shown in Figure 6.6, the 222Rn decay chain results in further radioiso-
topes that may be produced positively charged and hence plate out on the central cath-
ode wires. Finally, the decay chain leads to 210Pb, which decays to 206Pb by emission
of a 5.41 MeV alpha with a half-life of 22.3 years. This process therefore may result in
long-term accumulation of 210Pb on the central cathode wires.
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Figure 6.5: Schematic of the radon progeny recoil (RPR) background in the DRIFT-II
detectors. Radon decay in the detector volume can result in an unstable, positively
charged ion that drifts to, and plates out on, the surface of the 20µm stainless steel
wires of the 1 m2 central cathode plane. The unstable radon daughter on the wire
surface then decays by alpha emission, which, if the alpha is oriented into the wire, can
result in detection of a WIMP-like nuclear recoil without the tell-tale alpha event.
The RPR hypothesis therefore predicts, from the contamination of radon, a prompt
RPR background of WIMP-like recoils within minutes or hours of the decay of the
radon isotope in the gas, and a cumulative RPR background of WIMP-like recoils that
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gradually increases over time due to the accumulation of the long-lived 210Pb on the
wires, and remains long after the radon is removed from the detector.
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Figure 6.6: Sections of the U (222Rn) and Th (220Rn) decay chains relative to back-
grounds in DRIFT. 222Rn produces four alpha particles with energies of 5.4 to 7.8 MeV.
220Rn produces three alpha particles with energies of 6.2 to 9.0 MeV. Data from Nuclear
Data Services [150].
6.1.5 DRIFT-II detector operations
The first operational DRIFT-II module was installed in the Boulby Underground Lab-
oratory in 2005. The underground detector has been subject to numerous upgrades to
improve performance. Those actions which have demonstrably affected the background
event rates are listed below, with the time of the action, in days since 1 January 2005,
indicated in parentheses.
1. 9 February 2008 (day 1134) — The central cathode wire plane was etched in nitric
acid to remove radioactive surface contamination such as 210Pb. This procedure
was based on background reduction techniques found to be successful in the EXO-
200 experiment [151]. In all time-based plots presented in Section 6.3 this action
is indicated by the first red dashed line at day 1134.
2. 1 July 2008 (day 1277) — The MWPC readout planes were similarly etched in
nitric acid. This action is indicated by the first black dashed line at day 1277 in
the time-based plots in Section 6.3.
3. 22 September 2009 (day 1725) — The replacement of the right-hand side MWPC,
which was exhibiting unstable behaviour, with one from a prototype DRIFT-II
detector at Occidental College. This action is indicated by the second black dashed
line at day 1725 in the time-based plots in Section 6.3.
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4. 1 March 2010 (day 1885) — The subsequent replacement of the original right-hand
side MWPC after its repair. This action is indicated by the third black dashed
line at day 1885 in the time-based plots in Section 6.3.
5. 6 March 2010 (day 1890) — Replacement of the wire plane central cathode for a
cathode constructed from a 20µm aluminium coated mylar thin film. The thin film
cathode is highly transparent to alpha particles and so should reduce the number
of recoil-like events from the process described in Section 6.1.4. In all time-based
plots presented in Section 6.3 this action is indicated by the second red dashed
line at day 1890.
6.2 Characterising recoil-like backgrounds
6.2.1 Identification of background recoil-like populations
In the previous chapter it was shown that by careful selection of cuts a number of separate
populations of background events can be resolved. Figure 6.7 shows both neutron and
background data in the NIPs vs. RMST plane after applying cuts 1.1 through 3.2,
which, as detailed in Section 5.3, retains only well parameterised recoil-like events that
are fully contained in the fiducial volume. While the remaining events in the neutron
data form a single population, the events from the background runs consist of four
distinct populations, which are labelled in Figure 6.7(b).
Population 1 recoil-like events — The population 1 events, with an RMST of ∼5µs
are the spark-like events discussed in Sections 3.4 and 3.5. They have pulse shapes
consistent with the 4µs shaping time of the shaping amplifiers — indicating that they
are from short, fast charge depositions. A possible source of these events are nuclear
recoils from radioactive contamination on the surface of anode wires in the MWPCs. A
nuclear recoil produced in the high field region surrounding the anode wire may result in
an ionisation track in which the electrons do not attach to CS2 molecules. In this case,
the fast drifting electrons would produce a spark-like event with a shape determined
by the response of the shaping amplifiers. Since these events are clearly separable from
the neutron-induced nuclear recoils, and can be removed with minimal loss to neutron
efficiency, they are not the focus of this section.
Population 2 recoil-like events — Events in this background population were found,
in Section 5.4.3, to have different pulse shape characteristics to neutron-induced recoils
in the same region of the NIPs vs. RMST plane. Although these pulse shape differences
were used to essentially eliminate this population, the cuts used resulted in a significant
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reduction in the nuclear recoil detection efficiency, and hence sensitivity to WIMP in-
teractions, of DRIFT. Improving understanding of the population 2 events is therefore
a focus of this chapter, with the motivation of improving, and ultimately removing the
need for, the lossy pulse shape cuts described in Section 5.4.3.
Population 3 recoil-like events — No difference has been established between the
population 3 events from WIMP-search runs and the neutron-induced nuclear recoils
from 252Cf exposure in this region. Since population 3 events are indistinguishable from
neutron-induced nuclear recoils it is suspected that they are true nuclear recoils, from
decays on the central cathode plane. The signal region in the NIPs vs. RMST plane
required to exclude these events (Figure 5.26) also severely reduces the nuclear recoil
detection efficiency of DRIFT. Improving understanding of this population is a core
motivation for the work in this section.
Population 4 recoil-like events — It is thought that the population 4 events may be
due to electron recoils from gamma-ray backgrounds. Evidence for this came from a full
WIMP analysis of 40 minutes of livetime data from the routine six-hourly 55Fe exposures.
The events from this analysis are plotted in the NIPs vs. RMST plane in Figure 6.8,
where a cluster of events above background is seen with a distribution consistent with
the population 4 recoil-like events — suggesting that population 4 may also be gamma-
ray related. This population has large implications for future DRIFT detectors that
may be run at low threshold — the large range of RMST values associated with this
population might make it challenging to cut such events in analysis if they cannot be
reduced by shielding or improved radiopurity of the detector.
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(a) Data from 1.84 days of neutron source exposure with reduced cuts. Events are seen to be
distributed over a wide range of NIPs and RMST values.
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Figure 6.7: A comparison of WIMP-search run data to neutron data with a reduced
set of cuts (1.1 through 3.2) as detailed in Section 5.4.
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Figure 6.8: Data from a standard WIMP analysis of 55Fe calibration data. Only
data from the left MWPC is analysed. Green points are events from 40 minutes of
55Fe source exposure, in which events are detected with a rate of 0.42± 0.01 Hz and a
distribution similar to the population 4 background events identified in Figure 6.7(b).
Black points are events from 40 minutes of background data in untriggered mode in
which an event rate of 0.014± 0.002 Hz is observed.
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6.2.2 Quantifying backgrounds
For the purpose of determining the event rate of each of the backgrounds defined in the
previous sections an alpha event is defined as an event that passes all stage 1 cuts (defined
in Section 5.3), hits all eight anode fiducial lines, and has anodeSdCrossingsMax ≥ 6. A
recoil-like event is defined as an event that passes all stage 1 and stage 2 cuts and has
a charge deposition greater than 700 NIPs (to exclude population 4 events).
Events may pass either the alpha event cuts or the recoil-like event cuts in either MWPC,
or in both MWPCs simultaneously. An event is defined as a 1MWPC alpha event if the
event passes the above alpha event definition in a single MWPC only, or a GPCC event
if it passes the above alpha definition in both MWPCs, and in addition has tmax for the
two MWPC signals separated by < 150µs. The additional tmax requirement is to ensure
that both tracks originated from the same z, and are therefore likely to be two halves
of the same track that crossed the cathode plane between the two MWPCs. An event is
defined as an alpha-tagged recoil event if it passes the alpha event cuts in one MWPC
and the recoil-like event cuts in the other. Again, it is required that tmax for the two
MWPCs to be separated by < 150µs. Alpha-tagged recoils are treated as a separate
population from 1MWPC recoil-like events.
In the recoil-like event class, a 1MWPC recoil-like event is an event that passes the
cuts for a recoil-like event in a single MWPC only, with no detected charge in the other
MWPC. The separate rates of the population 2 and 3 recoil-like events are determined
by projecting the RMST of 1MWPC recoil events into a frequency plot. A double
Gaussian is then fitted to the two populations. Figure 6.9(a) shows the results of this
double Gaussian fit for an 27.1 day livetime WIMP-search run. The Gaussian fit enables
extraction of an estimate of the number of events in each of populations 2 and 3, and
the mean RMST, with associated error, for each of these two populations. The fits
yield estimates of the event rate for each MWPC separately. For the data shown in
Figure 6.7(b) left MWPC, the event rates for populations 2 and 3 were 146.2 ± 4.5
events per day and 107.3 ± 4.5 events per day, respectively. In the right MWPC (not
illustrated) the corresponding rates were 690.3 ± 27.3 events per day and 87.4 ± 23.8
events per day, respectively.
Figure 6.9(b) shows an overlaid frequency plot of 1MWPC recoil events from a run with
a neutron source, with a Gaussian fit to the single population of neutron recoils from the
detecter. The mean event rates in the left and right MWPC neutron runs were 5828±88
and 3067 ± 87 events per day. The mean RMST is 13.18 ± 0.05µs in the left MWPC
and 13.36± 0.10µs in the right MWPC.
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Figure 6.9(c) shows the RMST distribution of the recoil component of alpha-tagged
recoil tracks. The mean event rate is 26.43 ± 0.4925 events per day and the RMST is
15.91± 0.02µs.
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Figure 6.9: Gaussian fits to recoil-like events to determine event rate and mean RMST
of population 2 and population 3 recoil-like events, and alpha-tagged recoil events.
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6.3 Long term background studies
In Section 6.2, the use of cuts to select alpha-like and recoil-like events from the data
was demonstrated. Overlapping Gaussian fits were then used to decouple the population
2 and population 3 event statistics for recoil-like events. The statistics of interest, as
calculated for a single dataset, are the rates of each event subclass, and, for the recoil-
like events, the duration in time of the anode signals, determined by the mean value of
the anodeTrackRmst parameter.
In this section these methods are applied to a large amount of data, with the aim
of observing any trends in these parameters over long time periods and resulting from
detector modifications. A description of the detector configuration in each of the datasets
used in this analysis is given in Appendix B.
6.3.1 Population 3 recoil-like events
Figure 6.10 shows the rates of population 3 events from 1MWPC recoil-like events in
runs distributed over more than 1200 days of DRIFT-IId data. There are three clearly
delineated regions, separated by the actions at days 1144 and 1890, both marked by red
dashed lines. At each of these actions, the rate of population 3 events drops, at the first
action by a factor of about 2, and at the second by a further factor of about 10. The
first action is the use of nitric acid to etch the central cathode wire plane, as described
in Section 6.1.5. The second action is the replacement of the central cathode wire plane
with a thin film cathode, also discussed in Section 6.1.5.
The numerical values for the background reductions are given in the caption of Fig-
ure 6.10. The acid etching procedure reduced the population 3 event rate to 54% of
its pre-etch value, and the use of a thin film cathode further reduced it to 6.5% of its
pre-etch value. These results provide confirmation of the hypothesis that population 3
background events originate on the central cathode. In addition the results demonstrate
the success of the thin film cathode in reducing the background, and the effectiveness of
using dilute nitric acid for removal of radioactive contamination.
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Figure 6.10: The mean event rate of population 3 recoil events. The mean event
rate, shown by the black horizontal lines is 138± 6 with the wire central cathode prior
to etching, 75 ± 3 with the wire central cathode after etching and 9 ± 3 with the thin
film cathode. Vertical dashed lines indicate the actions described in Section 6.1.5. Blue
shaded region is CS2-CF4 data, unshaded region is pure CS2.
Mean RMST — Figure 6.11 shows the distribution of the RMST parameter in pop-
ulation 3 events from 1MWPC recoil-like events over the same 1200 day period. There
is a discontinuous change to a higher mean RMST after the cathode etch, which then
falls back to its previous average exponentially with a time constant of about 100 days.
Re-examining Figure 6.10, this period appears to be accompanied by a rise in the event
rates from the two MWPCs at the same time. The cause of the behaviour during this
period is unknown. This is discussed further in Section 6.3.6.
It is noted that the 54% reduction in background from the central cathode acid etching
procedure presented here, is significantly lower than that of previous analyses, in which
a reduction by a factor of 6.7± 1.0 was observed [152]. The reason for this discrepancy
is the drastic change in the RMST of population 3 events caused by the central cathode
etch. In previous analyses this resulted in the events not being recognised as part of the
central cathode background population, leading to the conclusion that the background
had been reduced by a much larger factor.
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Figure 6.11: The mean RMST of population 3 recoil events. A dramatic deviation
from the mean is seen directly after the acid etch of the central cathode plane. Vertical
dashed lines indicate the actions described in Section 6.1.5. Blue shaded region is
CS2-CF4 data, unshaded region is pure CS2.
6.3.2 Alpha-tagged recoil events
The RPR hypothesis predicts that radon progeny on the surface of the central cathode
wires is responsible for both recoil-like events and alpha-tagged recoil events. The results
in the previous section showed that the population 3 recoil-like events originate from the
central cathode. It is therefore of interest to explore similarities between the population 3
recoil-like events and the alpha-tagged recoils.
Mean RMST — Figure 6.12 shows the mean RMST of alpha-tagged recoil events. A
striking correlation can be seen between this plot and the mean RMST of the popu-
lation 3 events shown in Figure 6.11. Although the reasons for the dramatic increase
in mean RMST following the acid etch are unknown, the identical behaviour of the
mean RMST in each population is clear evidence that population 3 recoil-like events
and alpha-tagged recoils are from the same source.
Chapter 6. Long-term study of backgrounds in DRIFT-IId 168
Mean RMST of alpha−tagged recoil events
Days since 01 Jan 2005
M
e
a
n
 
R
M
ST
 
(µs
)
800 1000 1200 1400 1600 1800 2000
10
15
20
25
ll
l
l
l
l
l
l
l
l
ll l
l
ll
l
l ll l llll
l
l
l l
l
l
l
l
l
l l
l
l
l
l ll l ll
l
l
Left MWPC
Right MWPC
Figure 6.12: Mean RMST of the recoil component of alpha-tagged recoil events.
The deviation following the acid etch is almost identical to that in the population 3
events, shown in Figure 6.11. Vertical dashed lines indicate the actions described in
Section 6.1.5. Blue shaded region is CS2-CF4 data, unshaded region is pure CS2.
Event rate — Figure 6.13 shows the rate of alpha-tagged recoils over the 1200 day
period of the long-term study. Although this rate does decrease somewhat at the cathode
clean, it then rises again at the replacement with the thin film cathode. The alpha-
tagged recoil rate increase on installation of the thin film cathode is consistent with the
hypothesis that alphas are less likely to become confined in the thin film of the new
cathode than in the wires of the previous cathode. Indeed, this is the reason for the
replacement of the central cathode.
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Figure 6.13: The mean event rate of alpha-tagged recoil events. The mean event rate
shown by the black horizontal lines is 30.8± 2.8 with the wire central cathode prior to
etching, 22.3± 0.8 with the wire central cathode after etching and 39.7± 2.9 with the
thin film cathode. Vertical dashed lines indicate the actions described in Section 6.1.5.
Blue shaded region is CS2-CF4 data, unshaded region is pure CS2.
6.3.3 Population 2 recoil events
Event rate — Figure 6.14 shows the mean event rate of population 2 recoil-like events.
The marked difference between the results for the left and right detectors immediately
suggests that the MWPCs are the source of population 2 recoil-like events, since, of the
possible background sources (gas mixture, central cathode, MWPCs), the only compo-
nent not common to both drift chambers is the MWPC.
Recall that the red dashed vertical lines in Figure 6.14 at days 1134 and 1890 indicate
the times of the cathode etch and the switch to the thin film cathode, respectively.
The black lines at days 1277, 1725 and 1885 correspond respectively to the etching
of both MWPCs in nitric acid, the substitution of the right-hand side MWPC and
the subsequent replacement of the original right-hand side MWPC. It is thus seen, in
Figure 6.14, that no significant change in the population 2 recoil-like events results from
the central cathode etch, but a drop in rate by a factor of 1.62±0.07 (2.02±0.16) in the
left (right) detector is observed when the MWPC is cleaned. This lends further support
to the hypothesis that the population 2 recoil-like events originate from contamination of
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the MWPCs and again demonstrates the effectiveness of nitric acid etching for removal
of radioactive contamination.
As alluded to in Section 6.1.5, on day 1140 the right MWPC was replaced with one
taken from the DRIFT-II prototype detector above ground at Occidental College. In
this configuration a factor 3.4±0.2 increase is seen in the rate of population 2 recoil events
on the right MWPC, with no change in the number of population 2 events detected on
the left side of the detector, and no increase in the rate of population 3 events. When the
original MWPC is replaced, on day 1885, the rate reduces again. This is clear evidence
that the population 2 recoil-like background is indeed due to the MWPC.
It is noted that the right detector has consistently higher rates in population 2 recoil
events than the left detector. In the past, MWPC performance has been seen to depend
on the history of the MWPC, including factors such as storage conditions and the wire
used in the MWPC construction. It is, therefore, not surprising to see two similar
MWPCs with different background contamination levels.
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Figure 6.14: The mean event rate of population 2 recoil-like events. Event rate on
the left (right) MWPC is 219± 6 (413± 25) events per day before the MWPC etching,
135±4 (204±10) events per day after the MWPC etching, 138±6 (693±12) events per
day with the replacement MWPC on the right and 99 ± 10 (147 ± 11) events per day
with the original MWPC replaced. Vertical dashed lines indicate the actions described
in Section 6.1.5. Blue shaded region is CS2-CF4 data, unshaded region is pure CS2.
Chapter 6. Long-term study of backgrounds in DRIFT-IId 171
6.3.4 1MWPC alpha events
As discussed in Section 6.1.1, the background of alpha events fully contained within one
side of the detector consists of alpha decays of radioactive nuclei suspended in the target
gas, on the surface of the central cathode plane and on the surface of the MWPC wires.
The rates of one-sided alpha events are plotted in Figure 6.15. The large asymmetry
between the left and the right sides of the detector immediately suggests that the MW-
PCs are also the dominant source of the 1MWPC alpha event background. Further
evidence for this is the fact that the etching of the central cathode has no effect on the
one-sided alpha population, and that no reduction is seen during the run starting on day
931, which was conducted with nine times the typical gas flow rate, drastically reducing
any gas contamination. As with the population 2 recoil event rate, a particularly large
increase (a factor 2.9± 0.2) in the number of one-sided alpha events is observed on the
right-hand side detector, between days 1725 and 1885 when the replacement MWPC was
in use. This compares to a factor 3.4± 0.2 increase seen in the population 2 recoil event
rate. The large and approximately equal increase in relative rates of one-sided alpha
events and population 2 recoil events strongly suggests that these two backgrounds are
closely related. It is suggested here that the dominant source of both populations is the
decay of radionuclides on the surface of the MWPC wires. When the alpha is oriented
into the detector volume a one-sided alpha event is produced and when it is oriented
into the MWPC wire the alpha is lost and the recoiling daughter nucleus produces a
population 2 recoil event (Section 6.1.4).
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Figure 6.15: The mean event rate of 1MWPC alpha events. Event rate on the left
(right) MWPC is 1334 ± 33 (1624 ± 48) events per day before the MWPC etching,
1084± 17 (1147± 28) events per day after the MWPC etching, 1415± 40 (3773± 111)
events per day with the replacement MWPC on the right and 1092 ± 57 (1321 ± 79)
events per day with the original MWPC replaced. Vertical dashed lines indicate the
actions described in Section 6.1.5. Blue shaded region is CS2-CF4 data, unshaded region
is pure CS2.
6.3.5 GPCC events
The rate of gold-plated cathode-crossing (GPCC) events, as discussed in Section 6.1.1,
provides a measure of the radon contamination of the gas. Figure 6.16 shows the mea-
sured rate of GPCCs where the mean rate over all runs is 54± 3 events per day.
The dataset at day 931 has a particularly low rate of GPCC events of 20 ± 3 events
per day. This run was undertaken with a flow rate nine times faster than the typical
flow rate. This has the effect of flushing out the radon contamination of the gas (from
the emanation of internal components) before it has time to decay, resulting in a lower
GPCC count. There is no measurable reduction in any other background population
during the nine times flow run. This suggests that the recoil-like background events are
dominated by long-lived contamination already on the surface of the detector wires, and
not the prompt RPRs discussed in Section 6.1.4.
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Conversely, when a flow rate of half the nominal value is used, for the two datasets on
days 2040 to 2064, the rate of GPCCs is above base rate with a mean of 70±1 events per
day, showing a build-up of radon contamination. The GPCC rate is also above the base
rate from days 1725 to 1885, when the replacement MWPC was in use. This suggests
that the MWPC, shown to have high levels of contamination on its wire surfaces, also
caused contamination of the target gas.
Mean rate of GPCC events
Days since 01 Jan 2005
Ev
e
n
ts
 p
er
 d
ay
800 1000 1200 1400 1600 1800 2000
0
20
40
60
80
10
0
l
l
l
l
l
l
l
ll
l l
l
l
l
ll
l
l
l
l
l l
l
l
l
Figure 6.16: The mean event rate of GPCC events. Mean rate of 54 ± 3 events per
day is indicated by the horizontal black line. The dataset at day 772 is a run with nine
times the regular flow rate in a reduced mean rate of 20 ± 3 events per day is seen.
The two high ones at the end are datasets with a half flow rate. Vertical dashed lines
indicate the actions described in Section 6.1.5. Blue shaded region is CS2-CF4 data,
unshaded region is pure CS2.
6.3.6 Further discussion of RMST effects in recoil-like events
The large deviation in the otherwise stable mean RMST of population 3 recoil events,
caused by the etching of the central cathode, shown in Figure 6.11, is currently not well
understood. There are two plausible explanations for the increase in the mean RMST,
which corresponds to an increase in the measured z component of the track range.
One is that recoil tracks are being extended as they drift from the central cathode
to the MWPC readout plane by increased levels of diffusion in the 100 days following
the cathode etch. The cathode frame consists of a large amount of acrylic, which was
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submerged in dilute nitric acid during the etching procedure. This could be outgassing
into the target volume, with the contaminants leading to higher diffusion. This seems
unlikely, however, since no significant increase in the mean RMST of neutron calibration
data is seen during this period. In addition, a similar etching of the MWPC planes,
also constructed from acrylic, did not produce any change in the RMST of population
3 recoil events. An alternative, and currently favoured, interpretation of the increased
RMST is an increased range of recoils from the central cathode in the 100 days following
the central cathode etch. A possible explanation for this is that the wire surfaces are
normally contaminated — potentially with carbon and sulphur compounds from the CS2
target. Such contamination may reduce the range of recoiling radionuclide daughters
on the cathode wire surface. The acid etch would remove these contaminants resulting
in larger ranges, which would gradually decrease again as contamination of carbon and
sulphur compounds re-accumulates on the cathode wires.
Figure 6.17 plots the mean RMST of population 2 recoil events over time. In the
unshaded regions of the plot, corresponding to pure CS2 runs, the RMST has a mean
of 8.3 ± 0.1µs. A considerably larger mean RMST, of 11.1 ± 0.1µs, is observed during
runs with a 30-10 CS2-CF4 gas mixture, indicated by the blue shaded regions. The
reason for this significant shift in RMST of MWPC-originating population 2 recoil-like
events, while the cathode-originating population 3 recoil-like events remain unchanged
is currently not understood and is a subject of ongoing investigation.
The two aforementioned RMST effects, though not well understood are significant for
DRIFT. Figure 6.18 plots WIMP-search (blue) and neutron (red) data for datasets at day
1159 with a 40 Torr pure CS2 target immediately after the cathode etch (Figure 6.18(a)),
and at day 1810 with a 30-10 Torr CS2-CF4 target after the cathode RMST effects had
passed (Figure 6.18(b)). The plots demonstrate the significant advantage of the former
configuration where the population 2 events are largely below the region in which neutron
events are seen (and hence WIMP events would be expected), and the population 3
events are largely above this region. This is in comparison to the latter plot in which
the population 2 and population 3 events show a large overlap with the neutron data,
thus highly contaminating the expected WIMP signal region. Further investigation into
the causes of these effects is therefore warranted, with the hope that it may be possible to
control such effects, significantly reducing the backgrounds in the most sensitive region
of DRIFT.
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Figure 6.17: The mean RMST of population 2 recoil events. Mean rate during 40 Torr
pure CS2 data is 8.3±0.1µs. Mean rate during 30-10 Torr CS2-CF4 runs is 11.1±0.1µs.
Vertical dashed lines indicate the actions described in Section 6.1.5. Blue shaded region
is CS2-CF4 data, unshaded region is pure CS2.
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Neutron events: 644
WIMP events: 11975
(a) 10.11 (0.03) days WIMP-search (neutron) data with 40 Torr pure CS2 from 05 March 2008
(day 1159) after etching of central cathode plane. Population 2 events have a low RMST
due to the pure CS2 target gas and population 3 events have a high RMST due to the
effect of the acid etch of the central cathode. A large separation is seen between the two
populations leaving a large window for accepted neutron events.
Dataset: 15 − 0.59 / 27.11 days
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Neutron events: 6176
WIMP events: 37159
(b) 27.11 (0.59) days WIMP-search (neutron) data with 30-10 Torr CS2-CF4 from 16 December
2009 (day 1810). Population 2 events have a high RMST due to the CS2-CF4 target gas
and population 3 events have the standard lower RMST. The two recoil-like background
populations significantly overlap the neutron event population.
Figure 6.18: WIMP-search (blue) and neutron (red) data in the RMST vs. NIPs
plane showing the effects of gas change and cathode cleaning on separation of event
populations.
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6.4 Conclusions
For the first time a consistent analysis of DRIFT data has been performed covering
several years and many detector configurations. The results provide new insights into
the nature and sources of the backgrounds in DRIFT-II. The dominant recoil-like back-
grounds are found to be from four distinct populations. Strong evidence is presented
that population 3 recoil events are recoils of decay daughters on the surface of the cen-
tral cathode plane and population 2 events are recoils of decay daughters on the surface
of the MWPC readout planes. In addition a WIMP analysis of 55Fe data has shown
that population 4 recoil-like events are likely due to electron recoils from gamma-ray
interactions.
The acid etching of the central cathode resulted in a reduction of population 3 recoil
events, but of a smaller magnitude than previously determined — a discrepancy caused
by the drastic change in RMST of the population 3 events. This new finding, although
requiring further investigation, may have significant consequences for future background
reduction. Finally, the replacement of the wire plane central cathode with a thin film
plane has substantially reduced the rate of recoils in the population 3 class, which is an
important advance.

Chapter 7
Dark matter results
This chapter discusses the use of DRIFT-IId to search for elastic, spin-dependent colli-
sions of WIMPs from the local halo with CF4 molecules in the target gas of the detector.
In Section 7.1 a simulation of DRIFT, written by collaborators, is described. As results
from this simulation will be used to deduce the sensitivity of the search, the simulation
is verified through various tests, which will be described. In Section 7.2, a non-blind
analysis of 47.36 days of data from operation with a 30-10 Torr CS2-CF4 gas mixture
is presented, leading to a 90% confidence upper limit on the cross-section for spin-
dependent interactions of halo WIMPs with fluorine nuclei. In Section 7.3, results from
a blind analysis of a further 53.07 days of data from DRIFT-IId, following installation
of an improved low background thin film cathode, are presented. Finally, conclusions
are drawn in Section 7.4.
7.1 The DRIFT-IId event simulator
The simulation used for this work was first developed for the DRIFT-IIa detector [76]
and has been further developed to model the present DRIFT-IId detector [103]. This
section presents a comparison between simulated neutron data and experimental neutron
data from the DRIFT-IId detector.
7.1.1 The DRIFT-IId detector simulation
The simulation, like DRIFT itself, uses neutrons as a prototype for WIMPs interacting
with the target gas. The most recent version of this simulation creates the nuclear recoil
data in GEANT4 [76], in which the detector geometry, surrounding environment and
179
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252Cf are accurately modelled. The simulation produces the following parameters from
neutron scatters in the detector target: kinetic energy transferred to the target molecule,
the location of the interaction, and the recoil direction.
These values are passed to a separate, in-house simulation of the DRIFT-IId detec-
tor [109]. The first stage of the detector simulation process is to convert the energy of
the recoiling nucleus to the number of ionisation electrons liberated by it. This con-
version uses the W-value of 25.2 eV for 30-10 Torr CS2-CF4, as measured by Pushkin
et al. [107], and the energy dependent quenching factors calculated by Hitachi [108],
with the assumptions stated in Section 3.3.1. The Stopping and Range of Ions in Mat-
ter (SRIM) simulation [111] is used to determine the range of the recoil in 30-10 Torr
CS2-CF4 from the nuclear recoil energy. The ionisation electrons are then distributed
along a track of this range with the orientation determined by the GEANT4 simulation.
Each ionisation electron is then given a random displacement in all three dimensions,
governed by a Gaussian distribution of standard deviation σthermal, to mimic the thermal
diffusion suffered by negative ions drifting from their initial location to the MWPC plane.
This is based on measurements that the diffusion of negative CS2 ions in a 30-10 Torr
CS2-CF4 gas mixture is thermal, with an equivalent temperature of 375 K [112].
Each simulated ionisation electron lands on an anode wire determined by its x position
in the fiducial volume and at a given time determined by its z position and the 59.4 m s−1
drift velocity of CS2 ions in 30-10 Torr CS2-CF4. As each ionisation electron reaches the
anode wire the avalanche mechanism is simulated by multiplication with a random factor
determined by a Polya distribution [114] with an average of 1000 — the approximate gain
of the MWPC. The charge amplification process is then approximated by convolving each
avalanche with a Gaussian of sigma of 4µs (the shaping time of the shaping amplifiers
in DRIFT-IId) and a height determined by the gain of the electronics chain.
Thus the nuclear recoil from the GEANT4 simulation is turned into a voltage trace on
the eight anode fiducial lines of a simulated DRIFT-II MWPC. The grid signals are then
approximated as induced pulses, by a Gaussian with a width of 0.245 cm determined by
the geometry of the MWPC readouts [114]. Finally, an approximation of the electronic
noise of the amplifiers is added to each line. The lines are then written to a standard
DRIFT data file in the same format as data from the real DRIFT-IId detector.
7.1.2 Simulated vs. experimental neutron data
The following list summarises the reduced data parameters derived from the hits iden-
tified in the raw event files, and their definitions, as discussed in Section 5.3. This will
be useful in the following discussion of analysis of the reduced data.
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• anodeNips — the sum of Σ from all anode fiducial line hits multiplied by the anode
NIPs conversion factor, where Σ is the integral of voltage over the extent of the
hit.
• anodeSumNips — Σ of the hit on the anode sum line multiplied by the anode NIPs
conversion factor.
• gridSumNips — Σ of the hit on the grid sum line multiplied by the grid NIPs
conversion factor.
• anodeMinRisetime — the minimum of all risetime values for hits on anode fiducial
lines.
• anodeMinFfwhm — the minimum of all FFWHM values for hits on anode fiducial
lines.
• anodeMaxSdCrossings — the maximum sdCrossings value from all anode fiducial
lines.
• gridPhRatio — the ratio of the largest to the second largest Vmax from all the grid
fiducial lines, where Vmax is the maximum voltage sample of a given line.
• anodeTrackNips — Σ for the anode track line multiplied by the NIPs conversion
factor, where the anode track line is a virtual line from the sum of all lines that
contain hits.
• anodeTrackRmst — RMST for the anode track line.
• anodeTrackSigma — FFWHM/2.35 for the anode track line.
Validation of the simulated neutron data is undertaken by comparison to data from a
routine exposure of the detector to a sealed 252Cf neutron source. The 252Cf used to
calibrate DRIFT is contained within a cylindrical lead canister, of length 11 cm, diameter
5 cm and wall thickness of 1.3 cm, to shield gamma-rays emitted by the source. This
lead canister is placed in a hollow 10 cm pipe through the hydrocarbon pellet shielding
so that it sits directly on top of the stainless steel vacuum vessel, inline with the central
cathode plane. A run of 0.82 days livetime was taken with the source in this position
on 16 Feb 2010, at which time the neutron source had an activity of 3700±200 neutrons
per second [76]. This geometry was modelled in the GEANT4 simulation.
The simulated data, which is packaged in identical form to real DRIFT data, is pro-
cessed by the analysis procedure up to the final stage cuts, described in Section 5.3. At
this point the simulated data, consisting of 117055 event files from simulated nuclear
recoils of all energies, is reduced to 23011 events. The vast majority of simulated events
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being rejected by cut 1.1, as no line had sufficient charge density to cross the analysis
thresholds. Since all of the events simulated are nuclear recoils however, very few are
lost through the remaining stage 1 and stage 2 cuts, which are designed to remove only
events that appear non-physical or not fully contained in the fiducial volume.
Ideally the simulated and real data would continue to be analysed identically, both
undergoing the final stage cuts, which remove background events at the expense of recoil
detection efficiency (see Section 5.3). However, the simulation is not entirely realistic in
its treatment of the response of the detector to avalanching at the anode wires nor the
response to the subsequent drifting of positive ions, a matter which needs addressing by
the collaboration. Differences between the simulation output and the detector output are
therefore described in the following sections, which motivate the omission of some cuts
applied to real data in the analysis of the simulated data in some cases (Section 7.1.3),
and correction factors in others (Section 7.1.4).
7.1.3 Grid signals and the anode sum line
Figure 7.1 plots the ratio of anodeSumNips to gridSumNips as a function of anodeSum-
Nips for experimental data (Figure 7.1(a)) and simulated data (Figure 7.1(b)). The
horizontal black lines indicate the cuts imposed on the real data by cut 3.1. Figure 7.2
similarly plots the ratio of anodeNips to anodeSumNips as a function of anodeSumNips,
with horizontal black lines indicating the cuts imposed on the real data by cut 3.2. In
both cases, there is a clear difference between simulated and experimental data.
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(a) Real data from a neutron exposure of 0.82 days livetime. Events outside of the
horizontal black lines are removed by cut 3.1 (Section 5.4).
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(b) Simulated nuclear recoil data. Horizontal black lines indicate region of cut 3.1,
which is not applied to simulated data.
Figure 7.1: Plot of anodeSumNIPs to gridSumNIPs ratio as a function of anodeSum-
NIPs for simulated and real data.
Chapter 7. Dark matter results 184
0
2
4
6
8
10
12
Ev
e
n
ts
 p
er
 d
ay
 p
er
 b
in
 o
f w
id
th
 3
0 
an
d 
he
ig
ht
 0
.0
1
0 1000 2000 3000 4000 5000
0.
0
0.
5
1.
0
1.
5
Dataset: Neut_vs_Sim, MWPC: Both
Neutron, 4460 events, 0.82 days
anodeSumNips
a
n
o
de
N
ip
s 
/ a
n
o
de
S
u
m
N
ip
s
(a) Real data from a neutron exposure of 0.82 days livetime. Events below ∼1000
NIPs that spread down to low anodeNips / anodeSumNips values are the low
dE/dz background events identified in Figure 5.19. Events outside of the hori-
zontal black lines are removed by cut 3.2.
0
2
4
6
8
10
12
Ev
e
n
ts
 p
er
 d
ay
 p
er
 b
in
 o
f w
id
th
 3
0 
an
d 
he
ig
ht
 0
.0
1
0 1000 2000 3000 4000 5000
0.
0
0.
5
1.
0
1.
5
Dataset: Neut_vs_Sim, MWPC: Both
Sim. neutron, 9613 events, 1 days
anodeSumNips
a
n
o
de
N
ip
s 
/ a
n
o
de
S
u
m
N
ip
s
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which is not applied to simulated data.
Figure 7.2: Plot of anodeNIPs to anodeEventNips ratio as a function of anodeSum-
NIPs for simulated and real data.
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The underlying cause of these differences is believed to be the unrealistic treatment of
the charge induced on neighbouring anode lines and grid wires after avalanching at the
anode. Figure 7.3 shows the event display of a real (left) and simulated (right) 3000
NIP event. The gross features of the simulated event are seen to be similar to the
real neutron event. There are, however, differences which result in the discrepancies in
the event parameter distributions previously discussed. Both events contain hits on two
anode fiducial lines and have an anodeNips value of ∼3000. Although the pulse shapes of
the hits on the anode lines look similar, a distinct difference is seen in the neighbouring
anode lines without hits. In the real event (Figure 7.3(a)) bipolar cross-induced pulses
can be seen. Their bipolar shape means that they have little overall effect on the area
of the hit on the anode sum line. The result is an anodeSumNips value of 2816, only
slightly lower than the anodeNips value of 3000. In the simulated data (Figure 7.3(b)),
however, only the negative part of the induced pulse is simulated. Each line therefore
has a considerable negative effect on the area of the pulse on the anode sum line resulting
in an anodeSumNips value of 2330, significantly lower than the 3000 anodeNips value.
As discussed in Section 3.4, the signal on the grid lines is thought to consist of an
induced component, which results in charge distribution across all grid lines, and a
direct component, depositing charge on only the grid lines that receive positive ions.
This effect is visible in the real event in Figure 7.3(a) where lines LG3 and LG4 appear
to contain most of the direct charge, with pulses that occur later in time and have a
different shape to the remaining lines. The purely Gaussian distribution used to produce
the grid signals in the simulated event files, such as that in Figure 7.3(b), therefore leads
to the discrepancy in the anodeSumNips to gridSumNips ratio observed in Figure 7.1.
As would be expected from the suspected inaccuracies in the simulation of the grid
signals, the gridPhRatio parameter distributions also do not match up well for real and
simulated data.
Steps are underway within the collaboration to improve simulation of the cross-induced
pulses on the anode lines and the signals on the grid lines. It is hoped that the present
signal simulation will be replaced with a more accurate simulation that is able to model
charge induction from drifting of positive ions within the MWPC geometry. The Garfield
simulation package [153], appears to be a suitable tool for this purpose.
Without re-writing the simulation, there is no simple way to correct the simulated data
so that the distributions of the anodeNips/anodeSumNips, anodeSumNips/gridSumNips
and gridPhRatio parameters match the experimental data. The three cuts that rely on
these parameters, namely cuts 3.1, 3.2 and 3.4 are therefore simply omitted in analysis of
simulated data. The combined application of cuts 3.1, 3.2 and 3.4 to the experimental
neutron exposure data, after application of all other cuts, results in a reduction in
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accepted events above the 700 NIPs threshold, by a factor of 0.65. To account for the
omission of cuts 3.1, 3.2 and 3.4 in the simulated data analysis, a correction factor of
0.65 is applied to the final event rate of simulated data. It is noted that the correction
factor makes the assumption that, for the experimental data, all events rejected by cuts
3.1, 3.2 an 3.4 are genuine nuclear recoils. The factor 0.65 reduction to simulated data
is therefore a very conservative estimate of the effects of the omitted cuts on neutron-
induced nuclear recoil events.
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Figure 7.3: Comparison of experimental nuclear recoil candidate event to a simulated
nuclear recoil event.
7.1.4 Corrections to other simulated data parameters
As discussed in Section 7.1.3, the shapes of anode and grid pulses on individual lines in
the simulation do not perfectly match the equivalent signals in the experimental data.
These mismatches were compensated for by applying physically motivated corrections
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to certain reduced parameters from the simulated data files. First, 2µs was added to
anodeMinRisetime, a correction derived from fits to the peak of this parameter in the sim-
ulated vs. real data. Similarly, 7µs was added to anodeMinFfwhm in the simulated data
using the same method. In the case of the parameter anodeTrackRmst, an energy de-
pendent correction was made to the simulated data of 2.85 + 0.0004× anodeTrackNips.
This correction was made by making a scatter plot of the anodeTrackNips parameter for
simulated data vs. experimental data, and finding a straight line that related the two.
Figure 7.4 shows a comparison of real vs. simulated data for the four remaining pulse
shape parameters used in this analysis for cuts and characterisation of events. In each
case the real and simulated data have undergone the same parameterisation and analy-
sis procedure, with the exceptions of the omitted cuts detailed in Section 7.1.3 and the
correction factors described above. Figures 7.4(a), 7.4(b) and 7.4(c) plot the parameters
anodeMinRisetime, anodeMinFfwhm and the ratio of anodeTrackSigma to anodeTrack-
Rmst respectively. In each case a vertical red line indicates the cut value, below which
all events are cut. In each of these plots there are differences between the real and
simulated data below this value. This is expected, since events in the real data below
the red line are not nuclear recoils, and are therefore not present in the nuclear recoil
simulations. The event distributions above the red line are all reasonable fits to the
real data, validating the combination of the DRIFT detector simulation and correction
factors discussed above.
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Figure 7.4: Comparison of anode pulse shape parameter distributions for real (green)
and simulated (black) data. Neutron data has been scaled by an arbitrary number to
visually compare distribution with the real data. For each parameter events below the
red vertical line are cut (for both real and simulated data).
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7.1.5 Simulated vs. experimental data in the RMST vs. NIPs plane
After reduction and cuts, real and simulated data are plotted in the RMST vs. NIPS
plane. Figure 7.5 shows the results for an experimental 252Cf neutron source exposure
of 0.82 days (Figure 7.5(a)) and from a simulation of neutron interactions with the same
geometry (Figure 7.5(b)). Figure 7.6 shows the same data in histogram form, which
shows a reasonable match between the real and simulated neutron-induced nuclear re-
coil data distributions. The signal acceptance region, chosen in Section 5.4, is illustrated
by the red box. From the experimental data, 21.4±1.0% of events are in this acceptance
region, compared to 20.5±0.5% of simulated events. The agreement shows that the sim-
ulation produces an event distribution in the NIPs vs. RMST plane that closely matches
experimental data from a 252Cf exposure. Since neutron-induced nuclear recoils from a
252Cf source are a good approximation of nuclear recoils from massive WIMPs [136], this
implies that the simulated detector will also produce a reasonable estimate of the distri-
bution of events from simulated WIMP interactions. This in turn will allow an estimate
of the total efficiency of the DRIFT detector, including the entire analysis process and
effective signal region, to WIMPs.
Real neutron data
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l Real neutron events events: 2529
l Real neutron events in SR: 540  
(a) Data from neutron exposure of 0.82 days live-
time. 2529 events pass all cuts, of which 540
(21.4±1.0%) are in the signal region.
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l Sim. neutron events events: 10640
l Sim. neutron events in SR: 2176  
(b) Data from 117055 simulated neutron events.
10640 events pass all cuts, of which 2176
(20.5±0.5%) are in the signal region.
Figure 7.5: Comparison of real and simulated data in the RMST vs. RMST plane.
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Real vs simulated neutron data
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(a) NIPs distribution after all cuts.
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Figure 7.6: Comparison of real (green) and simulated (black) neutron data. Data is
the same as in Figure 7.5 and shows a good match between real and simulated neutron
data distributions.
7.2 A non-blind limit on the spin-dependent WIMP-proton
cross-section
The derivation of a non-blind limit on the spin-dependent WIMP-proton cross-section
begins with the concluding plot of Chapter 5. That is, 47.36 days of WIMP-search data
that has been parameterised, reduced to only nuclear recoil candidates, and plotted
in the RMST vs. NIPs plane. An exclusion region has been chosen to maximise the
efficiency for detection of nuclear recoils from neutron runs, but has zero signal in the
WIMP-search data. Effectively, this means the assumption of no signal. Blinded searches
making no such assumption are discussed in Section 7.3.
The efficiency for detecting WIMPs during this zero-signal WIMP-search data period
must be calculated. The agreement between real and simulated neutron data, presented
in the previous section, shows that the DRIFT detector simulation is adequate for con-
verting simulated nuclear recoil events into realistic DRIFT event data files. Therefore,
in this section the simulated neutron-induced nuclear recoils are replaced with simulated
WIMP-induced nuclear recoils. The analysis of ‘data’ from simulated WIMP events re-
sults in an estimate of the efficiency of DRIFT-IId, including the whole analysis chain, to
WIMP-induced nuclear recoils. Combining the WIMP detection efficiency with the null
signal from 47.36 days of experimental data results in limits on the SD WIMP-proton
cross-section.
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The WIMP induced nuclear-recoils are generated using the WIMP halo characteristics
detailed in Section 1.3.2, i.e., a Maxwell-Boltzmann velocity distribution with v0 =
230 km s−1, vE = 244 km s−1 and vesc = 600 km s−1, and a local halo density of ρ0 =
0.3 GeV c−2 cm−3. To determine the response of the detector to WIMPs of all masses,
the simulation is repeated 31 times, each with a different WIMP mass in the range
11 GeV c−2 to 10000 GeV c−2. 9000 WIMP-induced nuclear recoils are produced for
each WIMP mass. The nuclear recoil information from each simulation is converted to
standard DRIFT event files, as described in Section 7.1.1.
7.2.1 DRIFT-IId detection efficiency for 100 GeV WIMPs
Each assumed WIMP mass is analysed separately. The 100 GeV WIMP mass data file
is considered here to demonstrate the process.
The simulated data file, containing 9000 100 GeV WIMP-induced nuclear recoil events,
undergoes the same analysis process as the simulated nuclear recoils, described in the
previous section. This results in the NIPs vs. RMST plot shown in Figure 7.7. The plot
shows that from 9000 simulated WIMP-induced nuclear recoils in the detector volume,
2407 produce events that cross the analysis thresholds and pass all the analysis cuts,
and 461 of these lie in the acceptance box. Reducing this by a factor 0.65 to account
for the cuts omitted from the simulated data analysis, as derived in Section 7.1.3, this
gives 300 out of 9000 simulated events, giving an efficiency to 100 GeV WIMP-induced
nuclear recoils of 3.33%.
The total rate of 100 GeV WIMP-nucleus interactions expected in the DRIFT-IId fiducial
volume (calculated using the equations discussed in Section 2.1) is 361 events per year,
for an arbitrarily chosen WIMP-nucleus cross-section of σWN = 100 pb.
Given detection of zero events in the acceptance box, and assuming zero leakage from
the cuts detailed in Section 5.3, it is 90% probable that the box would on average contain
less than 2.44 events [154]. Therefore, at 90% confidence, any WIMP model which would
place more than 2.44 WIMP events in the acceptance box during 47.36 days livetime,
or 18.82 events per year, can be excluded. With an assumed WIMP-nucleus cross-
section of 100 pb, the number of events expected in the acceptance box is 361 times
the efficiency of the box at detecting 100 GeV WIMPs (0.0333). Hence 12.02 events
are expected in the box per year. The arbitrarily chosen WIMP-nucleus cross-section
of 100 pb is then scaled by the ratio of the actual 90% confidence upper limit on the
number of events in our box per year (18.82) divided by the expected number of events
that a WIMP-nucleus cross-section of 100 pb predicts in the box (12.02), yielding a 90%
confidence upper limit on the WIMP-nucleus cross section of 157 pb. Finally, to enable
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comparison with other experiments, this can be scaled to a target independent WIMP-
proton cross-section. Using Equation 2.59 and the enhancement factor of Fluorine of
(C
SD(p)
N )/(C
SD
p ) = 0.778 (see Table 4.1), this results in an upper limit of σ
SD
Wp = 0.75 pb
for a 100 GeV WIMP.
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Figure 7.7: Simulated fluorine recoils from 100 GeV WIMP interactions. Of 9000
simulated events 2407 cross the analysis thresholds and pass all cuts, of which 461 are
in the accepted signal region.
7.2.2 Spin-dependent WIMP-proton limit plot
The procedure detailed in Section 7.2.1 for 100 GeV WIMP interactions is repeated for
the 31 simulated WIMP data files, each of which contains 9000 recoils from a WIMP
of different mass. Table 7.1 shows, for a selection of WIMP masses: the total number
of fluorine recoils expected in DRIFT-IId in one year, the number of simulated WIMP
events that pass all cuts and are in the signal region, and the corresponding detection
efficiency. These values, with 24 other WIMP masses in-between, are used to produce
the DRIFT limit plot, shown in Figure 7.8.
Also plotted in Figure 7.8 are leading upper limits on the SD WIMP-proton cross-section
from other experiments, which are described briefly below:
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WIMP mass
(GeV)
Rate
(no. per year)
No. in signal
region
detection efficiency
(%)
10000 3.6 705 5.09± 0.19
1000 36.1 714 5.16± 0.19
500 72.3 500 4.68± 0.18
100 361.5 461 3.33± 0.15
50 723.0 273 1.97± 0.12
20 1807.5 59 0.36± 0.05
11 3286.4 2 0.014± 0.010
Table 7.1: Simulated WIMP statistics. Including the estimated total WIMP inter-
action event rate, The number of the 9000 simulated events that pass all analysis cuts
and are in the NIPs vs. RMST acceptance region, and the resulting efficiency, taking
into account the factor 0.65 reduction discussed in Section 7.1.2.
NAIAD — The NaI Advanced Detector (NAIAD) experiment ran at the Boulby Un-
derground Laboratory from 2000 to 2003. The detector consisted of 7 NaI(Tl) scin-
tillator crystals, each coupled to two 5 inch diameter low background photomultiplier
tubes (PMTs) via light guides. The PMTs detected scintillation light from particle
interactions in the crystals, where pulse shape discrimination was used to statistically
separate neutron recoils from electron recoils. The experiment ran for a total exposure of
16399 kg days [155], with both 23Na and 127I contributing to the SD WIMP-proton sensi-
tivity. The relatively poor limit from such a large exposure, in comparison to DRIFT, is
due to the inability to separate electron recoils from nuclear recoils on an event-by-event
basis, and demonstrates the power of efficient electron discrimination.
KIMs — The Korea Invisible Mass Search (KIMS) experiment is a scintillation de-
tection experiment using low background CsI(Tl) crystals. In comparison to NaI(Tl),
CsI(Tl) is more easily obtained in large crystals and has better pulse shape discrimi-
nation properties, but suffers from intrinsic backgrounds from, e.g. 137Cs, which must
be well understood. The present KIMs detector consists of four 8.7 kg low background
CsI(Tl) crystals with PMTs mounted at both ends of each crystal. As with NAIAD,
pulse shape discrimination is used to statistically separate nuclear recoils from electron
recoils, so long exposures are required for competitive limits, despite a large target mass
of spin-dependent sensitive isotopes 33Cs and 127I. The KIMs limit shown in Figure 7.8
is from an exposure of 3409 kg days [130].
PICASSO — The Project in Canada to Search for Super-Symmetric Objects (PI-
CASSO) experiment is based on the classic bubble chamber technique developed during
the 1950s [156], in which ionising radiation can be detected in a superheated liquid tar-
get by triggering a phase transition. In contrast to traditional bubble chambers, which
use a bulk target mass, the PICASSO detector target consists of superheated droplets
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of C4F10, approximately 50 to 100µm in diameter, suspended in an elastic polymer.
The temperature and pressure are chosen such that a WIMP interaction in a droplet
may trigger a phase transition resulting in an acoustic pulse, which is measured by nine
piezoelectric sensors. After an interaction the elastic polymer is compressed, returning
the C4F10 to it’s superheated liquid state. Since a relatively high dE/dx is required to
trigger this process the detector can be made inherently insensitive to electron recoils,
whilst retaining sensitivity to WIMP-induced nuclear recoils. As in DRIFT, 19F pro-
vides good sensitivity to spin dependent WIMP-proton interactions. The latest limit
from PICASSO, shown in Figure 7.8, is from an exposure of 13.75±0.48 kg days [129].
COUPP — The Chicagoland Observatory for Underground Particle Physics (COUPP)
experiment uses a more traditional bubble chamber technique with a bulk superheated
liquid target. The target is contained in a synthetic fused silica bell jar, found to
minimise surface nucleations. Four piezoelectric sensors attached to the bell jar record
acoustic emissions from bubble nucleations. The acoustic signal is used to trigger two
CMOS cameras, which photograph the formed bubbles at a rate of 100 frames per second.
The spatial coordinates of bubbles, and therefore the particle interactions, within the
chamber can be reconstructed from these images. Following a triggered event the target
is compressed to recondense the CF3I vapour. The COUPP experiment operated a 3.5 kg
liquid CF3I target for a total exposure of 28.1 kg days [126], obtaining the limits shown
in Figure 7.8 — currently the most stringent limits on spin-dependent WIMP-proton
interaction cross-sections.
The DRIFT limit presented here corresponds to an exposure of 1.75 kg days of CF4.
The competitive result with a relatively low mass is a demonstration of the powerful
discrimination of the DRIFT detectors. It is also noted that other experimental limits
shown here are from solid and liquid targets that do not have directional sensitivity.
The most stringent limits set by other directionally sensitive experiments are orders of
magnitude higher than the limit presented here. DMTPC have produced a limit on the
SD WIMP-proton cross-section with a minimum of 2000 pb for a 115 GeV c−2 WIMP
from 0.0357 kg days exposure [87], while NEWAGE have a limit with a minimum of 5400
pb for 150 GeV c−2 WIMPs from an exposure of 0.524 kg days [84]. While the direction-
ality of DRIFT has not been utilised in this analysis, it has not been compromised
and this result is the first competitive limit on WIMP interaction cross-sections from a
directionally sensitive dark matter detector.
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Figure 7.8: 90% C.L. upper limits on the spin-dependent WIMP-proton cross-section
from a non-blind analysis of 47.36 days of DRIFT-IId data with a 30-10 Torr CS2-CF4
target. Also plotted are upper limits from KIMs [130], NAIAD [155], PICASSO [129],
and COUPP [126]. See text for details.
7.3 A first blind search for WIMP-proton interactions in
DRIFT-IId
To ensure impartiality in analysis techniques and development of cuts it is customary
for dark matter experiments to perform blind analyses. That is, deciding on conditions
for accepted WIMP signals based on a subset of non-blind data then analysing the
blinded data with the fixed analysis configuration to reveal the number of WIMP events
detected. This process is called ‘opening the box’.
The limit presented in the previous section was from a non-blind analysis, in which the
cuts were chosen based on the whole dataset and then a signal region was selected to
exclude all events. In this section a blind analysis is performed from a total of 64.75
days of data. The detector configuration is the same except that the wire plane central
cathode is replaced with a thin film central cathode, which was shown in Section 6.3 to
result in a significant decreased in the number of WIMP-mimicking background events.
From the 64.75 days of data 11.68 days was selected as non-blind. The non-blind data
includes the first 6.65 days of livetime with the thin film cathode, which was analysed
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initially to ensure stability with the new set-up, and ∼2 hours per day over the following
55 days of livetime. This data is selected to be representative sample of the entire
dataset, that will be used to define the WIMP signal acceptance region. The remaining
53.07 days of data were kept blind, only to be analysed once all the analysis techniques
and the signal region have been fixed.
7.3.1 Setting parameters for the blind WIMP search
Figure 7.9 shows the NIPs vs. RMST plot for the 11.7 days of non-blind data from the
WIMP-search run with the new thin film cathode. The box in this plot is the search
region employed in the previously described non-blind search with the wire cathode.
The first observation from this dataset, compared to the wire cathode dataset (Fig-
ure 5.4.4), is that the large population of events around 15µs RMST and under 2000
NIPs, is largely eliminated. Figure 7.10 shows the alpha-tagged recoil events for this
dataset. The distribution of alpha-tagged recoil events from the thin film cathode data
closely match the background events observed during the wire cathode data, strongly
indicating, as discussed in Section 6.1.5, that events which previously produced nuclear
recoil events with the alpha hidden in the central cathode wires, now result in alpha-
tagged recoils, due to the transparency to alphas of the new thin film cathode.
The second observation from the non-blind thin film cathode data in Figure 7.9 is that
the indicated acceptance region, which was free of background for 47.36 days of WIMP-
search data with the previous wire cathode configuration, contains 11 events for the 11.68
days of thin film cathode data. This indicates a change in the detector background with
the installation of the thin film cathode. Ten of the events in the signal region are at
high NIPs values, with an RMST of ∼15µs. This new background is suspected to be
caused by decays on or within the new central cathode, which have a different form
due to the geometry of the thin film cathode compared to the wire plane cathode. The
signal region for the blind thin film cathode data needs to be adjusted to remove this
new background, which is the subject of the next section.
A third observation is the existence of a single event from the non-blind WIMP-search
runs that is inconsistent with the identified background populations, and is well within
the signal region. The event, which has a NIPs value of 1450 and an RMST of 13.24µs,
comfortably passes all WIMP cuts and does not display any unusual characteristics.
Because of its position in relation to the expected neutron spectrum it is extremely
unlikely to be a nuclear recoil from an ambient neutron interaction. For now, it is
assumed that the anomalous event is not part of any known background, and it is
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disregarded in consideration of the signal region. This will be discussed further in
Section 7.3.3.
Blinded thin film cathode data 
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Figure 7.9: 11.68 days of non-blind thin film cathode WIMP-search data in RMST vs.
NIPs plane. The illustrated accepted signal region is that from the previously described
non-blind analysis of wire cathode data. The signal region, which was empty for 47.36
days of wire cathode data, contains 11 events.
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All thin film cathode data 
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Figure 7.10: Alpha-tagged recoils from the full 64.75 days of WIMP-search data with
the thin film cathode. The events show the same distribution in the RMST vs. NIPs
plane as the background events in the wire cathode run. The wire cathode signal region
is shown for reference.
7.3.2 Defining acceptance box for blind thin film cathode data
In Section 7.3.1 it was shown that the detector backgrounds have changed with the
introduction of the thin film cathode. The aim of this section is to choose a new accep-
tance box in the RMST vs. NIPs plane for the blind thin film cathode data. The box
is chosen using predictions of the backgrounds expected in the 53.07 days of blind data
based on events from non-blind data.
The backgrounds observed in the non-blind thin film cathode data, after all cuts, consist
of three populations: A low NIPs population, (population 4 in Section 6.2), thought
to be from gamma-ray interactions; a population of high RMST and < 2000 NIPs
values (population 3 in Section 6.2), events from decays on the central cathode surface,
which are now much fewer in number due to the thin film central cathode; and a new
background from the thin film cathode consisting of ' 2000 NIPs events with RMST of
∼15µs.
The signal region for the blind analysis of thin film cathode data is, therefore, considered
in three parts that are combined to form the final acceptance box.
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NIPs threshold — The NIPs threshold for the wire cathode data was chosen to be 700
NIPs to remove all low NIPs events from the 47.36 days of WIMP-search data. Assuming
the low NIPs background population has not been altered by the new central cathode,
the wire cathode data plus the non-blind thin cathode data gives a total of 59.04 days
of data in which no events from this population contaminate the signal region. This
implies that there should be ∼0 events from this population above 700 NIPs in the
the 53.07 days of blind thin film data. In addition, Figure 7.11 shows that the low
NIPs background population in the non-blind thin film cathode data has a distribution
in NIPs that is reasonably approximated by a Gaussian distribution. The number of
events in the population deduced from the fit is 448±21 and the 700 NIP threshold is
∼4σ from the mean of this distribution. Scaling by a factor of 4.6 for the difference in
livetimes gives a a 90% C.L. upper limit of 2255 low NIPs events expected in the 53.07
days of non-blind WIMP-search run data. Assuming a Gaussian distribution, <0.03
events from this population are expected above the 700 NIPs threshold.
Unblinded thin film cathode data 
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Figure 7.11: Histogram of low NIPs event population from the 11.68 days non-blind
WIMP-search data. Curve shows the Gaussian fit and the vertical line shows the 700
NIP threshold.
700 to 2000 NIPs — The events occurring during the wire cathode WIMP-search
runs in the 700 to 2000 NIPs region were shown, in Section 6.3, to be decays on the
central cathode plane. In Section 7.3.1 it was shown that these events have been largely
eliminated, and that the majority of events on the surface of the cathode result in
alpha-tagged recoils instead. There are however, some remaining events in this region.
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It is assumed that all of the events between 700 and 2000 NIPs in the WIMP-search data
are recoils from decays on the surface of the thin film cathode. Figure 7.12 plots the
recoil-like events from the non-blind WIMP-search data (black) and the alpha-tagged
recoil events from the entire 64.75 days of thin film cathode data (red). As was previously
demonstrated in Section 6.3.2, the alpha-tagged recoil events are a close match to the
background distribution in this region. The alpha-tagged recoil events, which have a
much higher rate in the thin film cathode, are therefore a useful model of the background
in this region, and are used determine the signal region.
The distribution of the alpha-tagged recoil events was determined by segmenting the
data into 200 NIPs bins from 400 to 2200 NIPs, with the last two bins combined due
to low statistics. For each NIPs bin the data was projected onto a histogram in RMST
and was fitted with a Gaussian to determine the mean and the sigma of the distribution.
The dashed line in Figure 7.13 shows the resulting mean of the event population as a
function of NIPs.
The 11.68 days of non-blind WIMP-search data contains 37±6 recoil events in the region
of 700 to 2000 NIPs. Scaling this for the 53.07 days of blind WIMP-search data results
in an upper limit of 226 events expected (90% C.L.) in this population. Removing all
events within 2.6 sigma of the mean of the event distribution, therefore, results in < 1.0
events expected from this background event population in the blind dataset. The solid
black region in Figure 7.13 shows the signal region defined as 2.6 sigma below the mean
of the plotted alpha-tagged recoil data.
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Figure 7.12: Non-blind WIMP-search data (black) and alpha-tagged recoil events
(red) in the NIPs vs. RMST plane. The alpha-tagged recoil events are a good model
for the background distribution in the 700 to 2000 NIPs region.
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Figure 7.13: Alpha-tagged recoil events from the 64.75 days of WIMP-search data.
Dashed line shows the mean RMST of the data distribution from Gaussian fits to events
in bins of width 200 NIPs. Signal region set at 2.6 sigma from the mean of the alpha-
tagged recoil population. Predicting a maximum of 1.0 events in signal region of the
blind WIMP-search run data with 90% C.L..
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2000 to 10000 NIPs — The events occurring in the 11.68 days of non-blind WIMP-
search data above 2000 NIPs form a background population that is not seen in the 47.36
days of data with the wire central cathode. The background events are closely clustered
around ∼15µs in RMST with NIPs values extending up to ∼10000 NIPs.
Since this background population was not observed in the 47.36 days of data with the
wire central cathode, it is highly likely that the thin film cathode is the source. In
coincidence with the appearance of this background population, a class of events termed
double-recoils — events consisting of a recoil-like track on both MWPCs simultaneously
— was also discovered. It is suspected that the source of both of these event classes may
be low energy alphas (LEAs) originating in the aluminised surface of the thin film central
cathode. As illustrated in Figure 7.14, the alpha decay of a radionuclide contaminant
in the aluminised coating of the thin mylar film may result in a single or double recoil-
like event if the alpha enters the fiducial volume after first losing most of its energy in
cathode.
Nuclear 
recoil
Low 
energy 
alpha
(a) Alpha decay of nuclei on surface
of aluminium coating resulting
in double-recoil event.
Low 
energy 
alpha
(b) Alpha decay of nuclei under the sur-
face of the aluminium coating re-
sulting in a recoil-like LEA on one
side.
Figure 7.14: Illustrations of how radioactive contamination of the aluminium coating
on the 0.9µm mylar sheet may result in double-recoil events or WIMP-mimicking low
energy alpha (LEA) events.
Figure 7.15(a) plots the recoil-like events from the non-blind WIMP-search data (black)
and the double-recoil events from the entire 64.75 days of data with the thin film cathode
(red) in the RMST vs. NIPs plane. In the double-recoil data the event in each MWPC
is parameterised separately, each of which undergoes the standard WIMP analysis de-
scribed in Section 5.3. Figure 7.15(b) shows a histogram in RMST of this data for events
above 2000 NIPs, showing that the populations have a similar event distribution. Al-
though the double-recoil events appear to be a reasonable model for the new background
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population and could potentially be used to determine this part of the signal region, a
more cautious approach was taken of simply extrapolating the background population
from the non-blind data. A Gaussian was fitted to the recoil-like events above 2000
NIPs from the 11.68 days of non-blind WIMP-search data. The population contains
44±7 events suggesting, in the 53.07 days of blind data, an upper limit of 267 events
(90% C.L.). Removing all events within 2.9 sigma of the mean of this event popula-
tion, i.e. rejecting events with RMST > 14.62µs, results in an upper limit of 0.5 events
expected in the blind dataset from this population.
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Background events: 569
Double recoil events: 795
(a) Comparison of recoil events from non-blind data (black) to double-
recoil events from all data (red).
Background events compared to double recoil events 
 Track NIPs > 2000
Track RMST (µs)
Fr
eq
ue
nc
y
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0
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30
40 Background events: 49
Double recoil events: 184
Fit parameters:
Area=43.75±1.75
Mean=16.92±0.03656
Sigma=0.7917±0.03656
(b) Histogram of events in (a) in the range 2000 to 10000 NIPs.
Figure 7.15: Comparison of recoil events from non-blind data (black) to double-recoil
events from all data (red). Double-recoil events are a reasonable match to the recoil-like
background events above 2000 NIPs.
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Combined signal region — Combining the acceptance regions detailed in this section
results in the complete signal region shown in Figure 7.16. The three background pop-
ulations used to derive the signal region are also shown. Double-recoil events (green)
model the background events above 2000 NIPs. A maximum of 0.5 events from this
population are expected to land in the signal region in the 53.07 days of blind data.
Alpha-tagged recoils (red) model backgrounds between 700 to 2000 NIPs. A maximum
of 1.0 events are expected in the accepted signal region from this population. The 11.68
days of non-blind WIMP-search data (blue) were used to model the backgrounds below
700 NIPs. A maximum of 0.03 events from this population are expected in the signal
region in the blind data. The total signal region shown in Figure 7.16 is therefore ex-
pected to contain a maximum of ∼1.5 events in the 53.07 days of blind data when the
box is opened.
Thin film cathode data 
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Background events: 569
Tagged RPR events: 1673
Double recoil events: 795
Figure 7.16: The total signal region with the three classes of event from which the
signal region was derived. Recoil events from non-blind data (blue) used to determined
energy threshold, alpha-tagged recoil events from all data (red), used to determine
signal region from 700 to 2000 NIPs and double recoil events from all data (green),
used to determine the signal region above 2000 NIPs.
7.3.3 Opening the box
Figure 7.17 reveals the distribution of events from 53.07 days of WIMP-search data after
‘opening the box’. As expected, the total number of background events has increased in
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proportion with the increased livetime. A single event is observed in the signal region
with a NIPs value of 803 and an RMST of 10.97µs.
Blinded thin film cathode data 
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Figure 7.17: Opening up the blind dataset containing 53.07 days livetime with a
target of 30-10 Torr CS2-CF4 with the thin film cathode installed. The data reveals a
single event in the signal region with a NIPs value of 803 and an RMST of 10.97µs.
This event, shown in Figure 7.18, appears to be a legitimate event and has no features
to distinguish it from neutron events in the same region. Although up to 1.5 events are
predicted in the signal region from the cathode originating backgrounds, the position of
the event in the NIPs vs. RMST plane shows that it is unlikely to be a part of the cathode
background populations. It is potentially leakage from the gamma-ray population that
dominate below 700 NIPs.
Despite the observation, in the 11.68 days of non-blind data, of a single anomalous
event with a NIPs value of 1450 NIPs and RMST of 13.24µs (Section 7.3.1), it is noted
here that there are no further events in this region of the RMST vs. NIPs plane. This
suggests the event is not a new background population introduced by the central cathode.
Investigation continues within the collaboration on the origin of this spurious event, and
the single low NIPs event that fell in the signal region of the blind dataset.
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Figure 7.18: The single candidate WIMP interaction from 53.07 days of WIMP-search
data.
7.3.4 Spin-dependent WIMP-proton limit plot from a blind analysis
Given that one event is detected in the acceptance box with an expected background
of ∼1.5 events, it is 90% probable that the box would, on average, contain less than
2.91 events [154]. This provides the upper limit on experimentally observed WIMP
interactions in the 53.07 days of livetime. The procedure detailed in Section 7.2 is
repeated to determine the efficiency for detecting WIMPs of various masses with the
new thin film cathode signal region. The experimentally determined upper limit on the
WIMP interaction event rate is then compared to the theoretical efficiency for WIMP
detection, as described in Section 7.2.2, resulting in upper limits on the WIMP-proton
cross-sections. The resulting limit plot, with a minimum of 0.93 pb for a 100 GeV WIMP,
is shown in Figure 7.19.
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Figure 7.19: Upper limits on SD WIMP-proton cross-sections from a blind analysis
of the thin film cathode data. Upper limits from leading experiments are also plotted
and are discussed in Section 7.2.2. Despite the longer run time, the upper limits from
this analysis are slightly higher than those presented in Figure 7.8. This is due to the
blind nature of the analysis resulting in a slightly lower WIMP detection efficiency and
a single event in the signal region. The limit has a minimum of 0.93 pb for a 100 GeV
WIMP.
7.4 Conclusions
In this chapter the discipline of blinded analysis has been brought to bear on DRIFT
data for the first time. The exercise has been successful, with the blind analysis box
containing a well controlled set of events when opened. The resulting limits are com-
petitive with high density targets having no directional potential, and better than rival
gaseous detectors by orders of magnitude. The DRIFT event file simulator is shown to
be limited by its treatment of signal response in the MWPC — a deficiency that will be
rectified in future versions of the simulation code produced by the collaboration. In this
analysis, however, corrections have been made to compensate for the deficiencies in this
code, rendering the existing simulation useable for producing meaningful upper limits.
The blind analysis of 53.07 days of data with a 30-10 Torr CS2-CF4 gas mixture results
in an upper limit on spin-dependent WIMP-proton cross-sections with a minimum of
0.93 pb for a 100 GeV WIMP at 90% confidence.
Chapter 8
Conclusions
The evidence for a Universe dominated by non-baryonic dark matter is formidable. The
nature of the dark matter, however, remains one of the biggest questions in astrophysics
and cosmology today. Weakly interacting massive particles are a favoured candidate, but
neither indirect, nor direct dark matter detection techniques have conclusive evidence for
their existence. Recently, a number of experiments have hinted at detection of WIMP
interactions, but the magnitude of the dark matter question is such that a definitive
and unambiguous proof will be demanded before acceptance of such a discovery. The
unambiguous signal in the directionality of the ‘WIMP wind’ has the potential to be
this definitive proof and, for the past decade, the DRIFT collaboration has pioneered
development of a directionally sensitive dark matter detector.
Previous work has demonstrated the directional sensitivity of the DRIFT-II dark mat-
ter detector. While development of the directional sensitivity of DRIFT is ongoing, this
thesis has described work focussing on using DRIFT to explore new regions of spin-
dependent interaction phase space. The work presented in this thesis contributes to this
entire process, starting with the first tests of CS2-CF4 gas mixtures in a full-scale 1 m
3
DRIFT detector. Following this, the design, construction and commissioning of a gas
mixing system required for operation of DRIFT with spin-dependent sensitive gas mix-
tures has been presented. This work not only results in SD sensitivity in the DRIFT-IId
detector for the first time, but demonstrates the flexibility of the DRIFT detector to op-
erate with different target materials. The system, developed for the CS2-CF4 mixtures,
has put in place hardware that will allow future operation with a range of potentially
interesting target gases.
Aside from this, a new class of event was identified that sheds light on signal production
mechanisms within the DRIFT MWPC readout planes. The study of these events sug-
gests additional effects that should be included in future versions of the DRIFT detector
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simulation to improve realism. The identified effects, in addition, may have consequences
for future development of three-dimensional track reconstruction. The possibility of in
situ drift velocity measurements using these spark-like events was demonstrated by cal-
culating the mobility from existing WIMP-search datasets. The measurements highlight
uncertainties in the DRIFT detector systematics. Future detector upgrades, particularly
a residual gas analyser for constant monitoring of gas contamination, are hoped to im-
prove understanding of the observed effects.
This thesis presents the first long-term study of backgrounds in DRIFT with a consistent
and systematic analysis of data from the underground DRIFT-IId experiment, spanning
a period of over three years. This work, through careful selection of cuts, revealed
previously unknown sub-populations in the limiting backgrounds in the DRIFT detector
and identified their sources. These findings are crucial for the future development and
background reduction strategies of DRIFT.
While future efforts should be in eliminating these backgrounds, methods of discrimi-
nating the present background events from potentially WIMP-induced nuclear recoils
have been developed. The cuts and parameterisation of the existing DRIFT analyses
were redeveloped producing a background-free signal region with increased sensitivity
to WIMP interactions. The improvements result in a dramatic increase in the total
detection efficiency for 252Cf neutron-induced nuclear recoils, by a factor of 2.4.
An accurate full simulation of the DRIFT detector offers many advantages for investi-
gating directional capabilities, response to backgrounds, and detection efficiency of the
DRIFT detector. Simulated nuclear recoil data from an existing DRIFT simulation was
analysed and compared to real neutron data over the full analysis chain resulting in the
highlighting of some limitations of the simulation, to be rectified in future code devel-
opment. Despite the existing limitations, methods for correction of simulated data were
developed allowing the simulation to be used to deduce meaningful upper limits from
spin-dependent sensitive operation of the DRIFT detector.
The culmination of the work presented in this thesis are limits from the DRIFT-IId de-
tector underground at the Boulby Underground Laboratory that are competitive with
leading dark matter detectors using liquid and solid targets with no directional po-
tential. Limits from a non-blind analysis result in upper limits on the WIMP-proton
spin-dependent cross-section with a minimum of 0.75 pb for a 100 GeV WIMP at 90%
C.L.
In addition, for the first time, the discipline of a blind analysis was applied to DRIFT.
Methods of modelling existing background populations were used to form a signal region
in which 1.5 events were predicted in a blinded dataset of 53.07 days of blind data.
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Opening the box reveals a single event demonstrating the stability of the detector and
the analysis procedure developed in this thesis. The blind analysis results in a limit on
the spin-dependent WIMP-proton interaction cross-section with a minimum at 0.93 pb
for a 100 GeV WIMP.
It is likely that exploration of WIMP-nucleon cross-sections many orders of magnitude
below current limits will be required to determine whether WIMPs are the elusive dark
matter. This requires much larger detectors with improved sensitivity. The XENON
collaboration, who currently set the most stringent limits on spin-independent WIMP-
nucleon cross-sections with the 48 kg fiducial mass XENON100 experiment, are currently
working towards XENON1T. This scales the detector to a 1000 kg fiducial mass, with
background reduced by two orders of magnitude. XENON1T, set for completion in 2015,
expects to probe WIMP-nucleon cross-sections below 10−46 cm2. The COUPP collab-
oration, who currently provide the most stringent limits on WIMP-proton interaction
cross-sections, are planning an upgrade that scales the existing detector technology from
a mass of 2 kg fiducial to 60 kg. It is estimated that the so-called COUPP-60 experiment
will improve their present limits by two orders of magnitude to ∼10−39 cm2.
The ultimate proof of WIMP dark matter is likely to come from the unambiguous
directional signal of the WIMP wind via an array of DRIFT-like dark matter detectors
consisting of 100s of cubic metres of fiducial volume. Current efforts in the DRIFT
collaboration are towards the next generation DRIFT-IIe detector, in preparation for
scale-up to a 24 m3 DRIFT-III detector.

Appendix A
Background reduction operations
Over the course of DRIFT-II operation a number of actions have been taken to address
the likely sources of the background discussed in Section 6.1. These actions, summarised
in Section 6.3, are described here.
A.1 Cathode etching
An operation to clean the central cathode of radioactive contamination was undertaken
in February 2008. This used an acid etching technique in which the central cathode was
removed from the detector and soaked in dilute nitric acid.
The central cathode was placed into a transportation box that had been lined with
several layers of isopropanol-cleaned plastic sheeting as shown in Figure A.1. 180 L of
3 molar nitric acid was produced from a mixture of 34 L of 70% (15.8 molar) nitric acid
and 146 L of deionised water. To ensure that the surface tension of the dilute nitric
acid did not create excessive force on the 20µm wires the cathode box was placed at a
slight slope and the dilute nitric acid was slowly added to the box until it covered all
of the wires of the central cathode. Similarly, after soaking, the dilute nitric acid was
slowly drained from the box using a hand pump. The cathode was then transferred to
a second plastic-lined box, which was filled with 180 L of pure deionised water and left
for 48 hours. After this time the deionised water was removed in the same way. Despite
the precautions taken the water tension pulled the 20µm wires together causing them
to become stuck together along a large fraction of their length. As the cathode dried
out most of the wires separated themselves but a few remained stuck. These wires were
separated by hand using a short piece of 100µm wire to ensure that no excessive force
was put on the cathode wires, minimising the risk of breakage.
213
Background reduction operations Background reduction operations 214
After reassembling the detector and replacing it in the vacuum vessel it failed to reach
operating voltage. On dismantling the detector it became clear that the central cathode
had not had enough time to dry thoroughly after the acid bath and dampness between
the layers of the acrylic glass frame had led to sparking in the detector. Also it was
evident that the acid had corroded the electrical contact between the central cathode
and the field cages. This was replaced and the frame of the cathode was separated to
allow all contacts to be throughly cleaned and dried before reassembling the detector.
The detector was allowed the usual three days of outgassing before calibration data was
taken using both the 55Fe source and the 252Cf neutron source. The event rates in each
case were initially considerably lower than usual, but then rose over the next few days to
levels such that the detector was inoperable. This is suspected to be due to the plastic
frame of the detector requiring a much longer outgassing period than usual owing to
having been soaked in nitric acid and water for a number of days. The detector was
allowed to outgas under vacuum for a further two weeks before more calibration and
background runs demonstrated that the detector was running normally.
Figure A.1: Photograph taken during the cathode cleaning operation.
A.2 MWPC etching
In July 2008 a similar nitric acid etch operation was performed on the two MWPC
readout planes.
Preliminary tests showed that the 3 molar nitric acid might have adverse effects on
the PCB grouping boards and electrical contacts that are present on the MWPCs. It
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was thus decided that a less aggressive cleaning process would be used. The procedure
adapted consisted of five separate immersions:
1. 1 hour in 180 L of 0.5 molar nitric acid.
2. 1 hour in 180 L of deionised water.
3. 1 hour is 0.5 molar nitric acid (reusing the acid from stage 1).
4. 1 hour in deionised water reused from stage 2.
5. 2 days in fresh deionised water.
The two stage acid bathing was to ensure that if any bubbles formed on the wires during
the first acid bath and any parts of the wire were not cleaned, then they would be in
the second bath.
A.3 Thin film cathode
The WIMP-like background originating from the central cathode is suspected to be a
result of unstable nuclei on the surface of the central cathode wires decaying by alpha
emission. Such an event only produces a WIMP-like recoil in the event that the tell-tale
alpha becomes embedded in the central cathode wire, and is thus undetectable. One way
of reducing this background is therefore to make the central cathode more transparent
to alphas so that fewer alpha particles get lost in the central cathode.
Stainless steel wires can be obtained in smaller diameter, but the wires require a given
tension in order to reduce the effects of electrostatic repulsion. The tension required is
90% of the breaking limit of the current stainless steel wires, so it is not feasible to use
stainless steel wires of a smaller radius.
A number of potential cathode replacements were considered, including quartz fibres and
evaporation coated mylar sheet. Mylar sheet of 0.9µm thickness, evaporation coated
with aluminium, was found to be a suitable solution, in which the range of alphas and
the geometry meant that only ∼1% of decays on the surface would result in WIMP-
mimicking nuclear recoil events compared to 37% of decays on the surface of the 20µm
wires of the current central cathode. This suggests a potential reduction in background
of a factor ∼40.
A 1 m2 cathode constructed from 0.9µm mylar sheet was tested at Occidental College on
DRIFT-IIc and was shown not to have adverse effects on detector operation or stability.
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It was subsequently installed on the DRIFT-IId detector underground at the Boulby
mine in March 2010 and the detector has been operating stably since the installation.
Appendix B
Dataset run details
This table, spanning two pages, contains the run details all of the datasets used in
Section 6.3.
dataset
no
CS2-CF4
(Torr)
L/R/c Livetime
(days)
Start date Days since
1 Jan ’05
03 40-00 8/4/w 6.413 2007/02/12 772
0.109 (n) 2007/02/20 780
03b 40-00 8/4/w 2.149 2007/07/21 931
04 40-00 8/4/w 0.749 2008/02/01 1126
0.03 (n) 2008/02/01 1126
05 40-00 8/4/w(c) 10.112 2008/03/05 1159
0.034 (n) 2008/03/05 1159
06 40-00 8/4/w(c) 11.441 2008/04/04 1189
07 41-00 8/4/w(c) 6.078 2008/04/18 1203
08 41-00 8/4/w(c) 9.567 2008/04/30 1215
0.034 (n) 2008/04/30 1215
09 41-00 8/4/w(c) 8.661 2008/05/14 1229
0.017 (n) 2008/05/14 1229
10 42-00 8(c)/4(c)/w(c) 4.687 2008/09/25 1363
0.028 (n) 2008/09/25 1363
11 42-00 8(c)/4(c)/w(c) 4.843 2008/10/07 1375
0.561 (n) 2008/10/06 1374
12 42-00 8(c)/4(c)/w(c) 16.096 2009/01/23 1483
0.11 (n) 2009/02/11 1502
13 30-10 8(c)/6/w(c) 3.207 2009/06/21 1632
30-10 0.478 (n) 2009/06/25 1636
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14 30-10 8(c)/6/w(c) 9.722 2009/12/03 1797
30-10 0.428 (n) 2009/12/02 1796
15 30-10 8(c)/6/w(c) 27.115 2009/12/16 1810
30-10 0.592 (n) 2010/01/26 1851
16 30-10 8(c)/6/w(c) 10.52 2010/02/03 1859
30-10 0.819 (n) 2010/02/16 1872
17 30-10 8(c)/4(c)/f 2.219 2010/03/20 1904
30-10 0.587 (n) 2010/03/23 1907
18 U 30-10 8(c)/4(c)/f 6.827 2010/03/26 1910
0.812 (n) 2010/04/13 1928
18 B 30-10 8(c)/4(c)/f 28.648 2010/04/06 1921
18b U 30-10 8(c)/4(c)/f 0.452 2010/06/22 1998
18b B 30-10 8(c)/4(c)/f 4.034 2010/06/22 1998
19 40-00 8(c)/4(c)/f 2.558 2010/07/06 2012
19b U 30-10 8(c)/4(c)/f 0.882 2010/07/22 2028
19b B 30-10 8(c)/4(c)/f 7.886 2010/07/22 2028
20 U 30-10 8(c)/4(c)/f 0.282 2010/08/03 2040
20 B 30-10 8(c)/4(c)/f 2.909 2010/08/03 2040
21 U 30-10 8(c)/4(c)/f 0.879 2010/08/12 2049
0.205 (n) 2010/08/25 2062
21 B 30-10 8(c)/4(c)/f 8.405 2010/08/12 2049
22 U 30-10 8(c)/4(c)/f 0.142 2010/08/27 2064
22 B 30-10 8(c)/4(c)/f 1.332 2010/08/27 2064
Table B.1: Descriptions of datasets used for long-term study of backgrounds. Column
three contains identification of left MWPC, right MWPC and central cathode respec-
tively, with (c) indicating it has been cleaned in nitric acid, w=wire cathode and f=thin
film cathode. Column four is livetime in days with (n) indicating a neutron run. The
five dashed horizontal lines correspond to the five actions as detailed in Section 6.1.5.
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